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Executive Summary
Beckggound

Roughly half the domestic drinking water supplies in the Urﬁted States originate from
direct treatment of surface water. A surface water system is defined by its watershed,
which is an area constrained by topographic boundaries, and all stream flow convefges at
a single poinf within those boundaries. The water quality of dfscharge from the surface
water system is ultimafely dictated by landuse and climate within the watershed. Before
approximately 1980, point souree dischargev from industry and urban waste threatened
drinking water quality and its treataBility in many lakes and rivers. Water quality has
véstly improved from point source reduction measures, yet, non-point source pollutanté
continue to rise. One of the major no‘n-poiﬁt source pollutants of concern is water-borne
pathogens, and of equal concemn are the risks associated with pathogen disinfection and
foi‘mation of potentially hazardous l;yproducts. Thie has lead to tﬁe promulgation of the
Information Collection Rule, and ulﬁmately the implementation of the Disinfectants-
Disinfection By-Product Rule. The extent of pathogen occurrence combined with the
total organic carbon (TOC) concentration and its reactivity during disinfection will

determine the extent of regulation and treatment schemes.

Data Needs

Any regulation of TOC at the treatfnent plant will increase costs. As a result,
management of pathogen and TOC generating processes in the watershed upstream of the
treatment point has gain increased interest, and has fallen under the general category of

watershed management. The scientific component of watershed management depends on




acquiring knowledge that links water quality sources with geographic regions. However,
there is an observational gap in this knowledge. In particular, almost all the water quality |
data that exiéts at a utility are of high frequency collectéd at a single point over a long
period of time. Water quality d'alta for utility purposes are rarely collected over an entire
watershed. The potential is high, however, for various utilities in a single watershed to
share and integrate water quality data, but no regulatory incentives exist at this point. The
only other ava&lable water quality data originate from special scientific studies.
Unfortunately these data rarely have long-term records and are usually tailored to address
unrelated research questions. The goal of this research was to investigate whether
scientific research tools were available that could provide evidence that links water
quality and land type. In particular, could such tools be used on raw water at the
treatment point rather than monitoring over a large geographic spanning a watershed.
This report summarizes the utility of using isotopic tracers to better understand sources of
non-point source pollution and their relation to industry standard water quality

measurements.

Summary of Research Results

In this study we have found that much of the water quality data generated by utilities is
under-interpreted in the context of understanding watershed processes. For example, the
City of St. Louis depends solely on the Missouri River for drinking water, but due to
large variability in discharge and runoff sources, they are faced with TOC concentratioﬁs
that vary ngarly a factor of three within a single season. Until this study, the relationship

between discharge and concentration has not been constrained. However, we found a




linear correlation between the TOC concentration and the fractional amount of
doWnstream discharge (derived from within the State of Missouri). This correlation
relates directly to differences in land use and climate between the upstream and

" downstream portions of the river basin.

In addition.to using utility water qﬁality data to better understand non-point source
ppllutants, non-regulatory type data can be generated to enhance observational
knowledge. Data such as is'otop'ic measurements of water and dissolved constituents can
provide indirect evidence for sources and the processes governing the occurrence and
concentration of non-point source poltutants. For example, using isotope measurements -
of carbon-13 on TOC in the Missouri River, we were able to distinguish éarbon
originating from algae photosynthesis versus tha£ generated from land plant material.
Their relative proportions correlated with season and water temperature. We also found
that the carbon-14 abundance of TOC decreased with increasing humic substances, |
indicating that at various times TOC comprises older sources of carbon. Humic material
also preferentially forms tri-halomethanes during chlorination, relative to the remaining
portion of TOC. The carbon-14 abundance of humic substances showed a strong inverse
correlation to electrical conductivity. This relationship provided a basis to delineate the
geographic source of the TOC. In addition, the carbon-14 of humic isolates from several
rivefs located in the western hemisphere, represenﬁng different climafes, positively |
correlated with mean annual precipitation, indicating a strong relationship between
solublization rates of soil carbon and regional climate. This may provide a predictive

basis for humic sources in watersheds similar to the Missouri River.




The oxygen-18 abundance of surface wéter from large rivers in Mjssouri and
California can delineate geographic sources of runoff from various parts of the
watershed. The oxygen-18 correlation to water quality parameters was shown to verify
geographic sources of TOC and dissolved salts in the Missouri River. However, during
storm flows or anomalous events such as El Nino, the oxygen-18 shows strong
perturbations from long-term averages. Nevertheless, in large California rivers significant
changes in oxlygen-l 8 abundance during storm runoff can delineate local runoff sources
versus regional ones. This measurement may be useful for predicting storm water quality

related to different geographic land uses.

Introduction

Background to Current Surface Water Quality Problems -

The rising problem of industrial and urban waste water discharge to rivers in the US
during the mid-1900s sparked the need to regulate point-:source pollution discharge. This
gave rise to enactment of the Clean Water Act in 1972, which over the past ~30 years
resulted in 98% reduction in metals and organics acc}ording to the USEPA. Today 60 to
70% of surface water currently meets quality standards. Much of this has been
accomplished by implementing a permitting process for point source discharge, which
required public financing of waste water treatment facilities and use of best available
technologj However, 30 to 40% of rivers still do not meet water’-quality‘standards fo.r
‘reasons that include impact from urban storm water runoff, agricultural and livestock

runoff, and loss of wetlands. These causes differ from those responsible for poor water




quality prior to 1972, in that théy are generated for the most part by non-point sources
and land use changes.

Non-point source pollution results from specific kland types or land use activitieé,
which can create pollutaﬁt loads of a moderate to low ievel, but which occur over large
geographic areas apd have a cumulative effect. For example, agricultural areas of the
midwestern states within the Mississippi River drainage are thought to contribute the bulk
of the aﬁhual ﬁitrogen loads transported out to the Caribbean Sea, and are thought to be
responsible for a growing anoxia problem (Goolsby et al., 2000). A more chronic
problem for the drinking water community is the persistent and increasing occurrence of
pathogens in raw drinking water, which requires extensive oxidative or chlorinated
treatment. However, parameters such as dissélved organic carbon (DOC) limit the
amounts of chlorination due to simultaneous disinfection by’-product formation.

Regulating non-point source pollutants proves to be difficult since specific dischargers
are difficult to identify. More rééent amendments to the CWA (section 319) in 1987
provides a regulatory basis to address non-point source pollution. However, proces;es
generating non-point source pollutants are not well understood or are controversial, and
typically they are poorly constrained geographically.

The concept of watershed management has gained much ground over the years as a
means to resolve non-point source problems. Under this managemeﬁt scheme
stakeholders in a watershed collectively agree to the nature and extent of non-point
sources, determine water quality causes using sound scientific approaches, and to gether
‘develop and implement a corrective plan. However, the “science” of watershed

management currently has several shortcomings according to a recent National Research



Council report (NRC, 1999). Among them is a lack of interdisciplinary science
approaches conducted at appropriate spatial and temporal scales that could be uséd to
facilitate decision-making within a watershed management framework. Consequently,
much of the régulatory focus is still at the point of treatment.

A good example of the current focus at the treatment point includes the rising concern
over pathogen occurrencé in raw drinking water. This has promulgated the proposed
regulatory framework of microbial/disinfectant and disinfection byproduct rules. The
initial concern was actually health effects associated with disinfection byproduct
formation during chlorination, but outbreaks of pathogens such as Cryptospiridium in
public drinking water broaden the scbpe to microbial reduction. The rule-making process
is incremental beginning with the Information Collection Rule (ICR). This required major
utilities to collect 18 months of water quality data for microbial and disinfection
byproduct occurrences. The next incremental action is the formation of a formal advisory
committee to assess the data collected under the ICR, and the available health affects data
and attefnpt to agree v.on regulation guidelines. Possible gliidelines may include alternate
~ oxidative treatment methods such as ozonation, utilization of membrane filtration steps,
better source water protection, and reduction of total organic matter concentrations before
chlorination. All of these outcomes equate to increased costs at the pomt of treatment.
However, some of these costs could be offset if utilities better understood the watershed
processes controlling water quality at the treatment point. This better understanding could
at least enhance the predictability of time periods where poorer water quality occurs and

allow flexibility in daily operational procedures and reduce annual costs.



Study Objectives

This study tested whether isotope measurements of surface water and dissolved ’
constituents in surface water could be used as tracers of non-point source pollution.
Oxygen-18 was used as a water tracer, while carboﬁ-14, carbon-13, and deuterium were
tested as tracers of DOC. Carbon-14 and carbon-13 were also used as tracers of dissolved
inorganic carbon, and chlorine-36 and uranium isotopes were tested as tracers of other
dissolved salté. In addition, large défabases of water quality measurements were
assembled for the Missburi Riv?r at St. Louis and the Sacramento-San Joaquin Delta in
California to enhance interpretive results of the isotope measurements. Much of the water
. quality data has been under—interpreted and provides a valuable resource to investigative

research, for which this report exploits and integrates with the isotope measurements.

Significance

The proposed regulatory framework surrounding the reduction of pathogens and
disinfection byproduct formation during drinkihg water treatment will ultimately incur
greater cost at the point of treatment. The requirement to employ the best available
technology, which may include filtration media or alternatives to chlorination, places the
emphasis on the utility. However, the source of these current problems in raw drinking
water quality may in many cases stem from landuse activities within the watershed.
Therefore, studies that focus on developing a better understanding of watershed processes
that generate or further deteriorate stream or river water quality have long-range benefit

to drinking water utilities. In particular, a‘better understanding provides a basis for better




prediction of water quality, and a stronger foundation for any mitigation strategies to

reduce water quality problems in a watershed management approach.

Research Approach

Background on Watershed Water Quality

Early water quality concerns in surface.waters date back to the 19" century when raw
sewage was routinely discharged to a water system from large urban/industrial areas with
little regard to downstream uée. With recognition of the link between this pollution and
water borne disease, the subsequent adoption of sand filtration and chlorination by the
drinking water producers alleviated the health and water quality concern. It wasn’t until
the 1950s and 1960s that urban/industrial expansion achieved a size, where high
biological oxygen demand (BOD) in raw sewage discharge affected the oxygen balance
in rivers and lakes, that national level action was taken to regulate pollution discharge.
Prior to and with the adoption of the Clean Water Act in 1972, ;egulated discharge was
initiated, and public financing was available to treat waste before entering the stream.
This included actions such as BOD reduction; and metals removal, but also changes to
commercial products to reduce elements such as phosphorus, which caused, along with
nitrogen, eutrophication. Additional actions included commercial changes to product
formulations to reduce synthetic chemicals in waste water discharge, for example
surfactants (Swisher, 1987). These actions did much to restore the ecological health of
watershed systems and reduce the risk to drinking water consumers. Concerns from urban
and industrial waste water discharge that are persistent today are nitrogen levels,

dissolved salts, and in some cases risk from viruses (Meybeck et al., 1990).
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An early non-point source pollution concern was high suspended loads in rivers, which
was typically associated with increased nutrient and pollutant loads, leading to increased
photosynthetis growth and eutrophication in large water bodies (e.g. Laws, 1993).
Consequently, filtration and settling times increased for drinking water treatment. Besides
suspended particulates from urban sewage discharge, much of the sediment was due'to
enhanced erosion caused by 'farmiiig, logging, and mining, whii;h increased sediment
yields 20 to 56 times above natural levels (Meybeck et al., 1990). Erosion abatement
programs on fé.nns iiave done much to reduce this problem, and lock or dam construction
on most of our major rivers have inadirertently reduced suspended loads.

Nitrogen has been a persistent non-point source water quality concern in surface water
since the late 19605 (e.g. Novotny and Chesters, 1981), particularly where levels were
high enough to cause large-scale eutrophication. For example, annual nitrogen discharge
from the Mississippi River is 1.4x10° kg/yr, and is thdught to be high enough to causé
hypoxia in the Gulf of Mexico (Malakoff, 1998; Goolsby et al., 2000). Much of the
nitrogen source is blamed on excess agricultural fertilizers annually discharging to
streams. As a result, large—scale_mitigation strategies have been proposed to alleviate this
problem, including restoration of 5 million acres of natural wetlands to riparian corridors
comprising the Mississippi drainage (NSTC, 2000). Wetland development would have
the added benefit of suspended sediment control.

Equally iralid concérn overv increasing herbicides and insecticides in river discharge in
the past 15 years has resulted in proposed regulatory limits (e.g. Stamer, 1996), but the
wide-spread use of these ghemicals and seasonal occurrence (Thurman et al., 1991;

Kuivila and Foe, 1995) makes them difficult to regulate at the source.
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More recent concern has been focused on miérobial risk to drinking water consumers,
particularly with high profile cases in recent history such as the Cryptosporidium
outbreak in Milwaukee (e.g. Mac Kenzie et al., 1994), and widespread occurrence of
Pfisteria in the Chesapeake Bay (e.g. Tibbetts, 1996).

Previous studies of water quality in surface waters can be separated into different
focus areas pursuing distinct and independent goals. For example, research focused on
utility drinking water qual(ity typically utilizes engineering or chemistry approaches,
whereas when water quality affects aquatic life, the research approach is more from
ecological discipline, which has no traditional link to drinking water concerns. Likewise,
geochemical-based studies of riverine systems primarily have been concerned about
erosion, climate change, and acidification processes. However, watershed management of
water quality benefits from research and input from all these disciplines. The distinction
among these different types of research is made because the available published literature
tends to reflect these disparate research emphasis.. For example, many previous studies
using geochemical approaches, where research questions mainly focused on solute
transport, typically sampled over a large geogfaphic area in a short timeframe.
Unfortunately, for drinking water quality interests, such an approach does not serve the
need for seasonal and inter-annual trend analysis necessary for determining, for example,
water quality treatment methods or understanding sources of pollutants. This is most
prevalent in previous studies that utilize isotope analysis in watershed studies. The study
of natural isotope abundances is traditionally a geochemical discipline and has rarely
been used in engineering-based investigations. Consequently, very little isotope studies

have been conducted with the specific intent of understanding aquatic pollutants.
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In this study, we examine fhe chemical and oxygen isotope variations of the lower
Missouri River using data collected daﬂy to mont‘hly' over the last five years. We show
how several parameters respond to several seasonal cycles, a major flood, and an intense
ENSO event. We also show how the daily chemical measurements can be combiﬁed with
discharge records to resolve Missouri River water into distinct geographic components.
Our approach provides insight into Missouri River water quality dynamics and clues on

how to better predict drinking water quality.

Surface Water Geochemistl_'y

Geocherhical methods provide important tools for the elucidation of river dynamics,
however, most studies published in the open literature have used ionic concentrations in
river water to either answer questions regarding continental erosion or effects of acid
rain. Early studies of river systems focussed on sources of solutes at global scales to
elucidate the predomiﬁa.nt reaction pathways to continental erosion (Garrels and
Mackenzie, 1971). At this scale, surface water chemistry is easily defined geochemicaliy
by sources corhpﬁsing atmospheric precipitation, rock erosion, and evaporative
enrichment (Gibbs, 1970). At river basin scales, the.geochemical character of surface
water is dominated by regional geological formations, climate, and effects of ocean
aerosol deposition _(Reedér et al., 1972; Stallard and Edmund, 1981). Mﬁch recent
attention on geochemical balances has been directed to relatively.small-scale catchments,
in order to better understand long term anthropogenic effects (Driscoll, 1989). It is typical
for these studies to focus on the hydrocheniical responses of small systems over short,

post-storm time scales (Moldan and Eern, 1994).
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Definition, Discovery, and Uses of Isotopes

The word “isotope” has a Greek origin meaning “same place”. This accurately

| describes the occurrences of atoms of the saf_ne element having different masses, or atoms
with the same number of protons, but different number of neutrons. Hints of these mass
differences began to emerge in the late 1800’s as chemists were rapidly discovering new
elements with assigned atomic numbers, and filling in the periodic table conceived by
Mendeleev. waever, careful mass determinations, particularly of heavier elements,
ultimately revealed non-integer atomic mass values for most elemehts rather than whole
numbers reflected by atomic numbers. These observations directly challenged the
accepted theory of atomic indivisibility developed by John Dalton in the early 1800’s. In -
1914, Frederick Soddy proposed that elements comprised “isotopes” of the same atoms to
explain the mass discrepancies. Evidence fqr isotopes were first observed by J.J. Tomson,
who using essentially a modified cathode ray tubé, showed that neon comprised two
different isotopes, defined by their mass-dependent dispersion within the electrostatic
field of his proto-mass spectrometer. Ernest Rutherford is credited for determining the
size and electronic state of atoms, however it wasn’t until 1932 that James Chadwick,
while wo_rking in Rutherford’s lab, discovered neutrons as a separate and neutral pérticle
to explain the discrepancies between atomic mass (neutrons + protons) and atomic
number (protons). This also explained nuclear instability for higher mass elements that
exhibit spontaneous radioactive decay, which was actually first discovered in the 1890’s.
‘At this point, the atomic picture was complete and this gave risé to most of the current
theories and experimental confirmation of nuclear fission and fusion, most inauspiciously

demonstrated by development and testing of atomic weapondry during and after WWIL
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Besides nuclear weapons, isotopes have many important uses today, including
generation of electricity in nuclear power plants, medical imaging and radiation therapy,
luminescent displays, and reaction path tracers in medical, biological, agricultural, and
chemical research sciences. After WWIL, a field of natural isotope scienoes began to
emerge, most notably a group of post-docs under Harold Urey, thai began to observe
natural isotopic variations of the earth and the solar system. Natural chemical reactions in
the solar system and in terrestrial systems that give rise to chemical separation and
enrichment also, in many cases, have underlying isotopic partitioning reactions that -
provide natural tracers or fingerprints of these processes. It is this latter knowledge that is
utilized in this particular report.

Natural chemical reactions in nature that give rise to phase changes or chemical
speciation of an element or combination of elements also cause isotopic partitioning
reactions, particularly for low mass elements (e.g. hydrogen through sulfur). These
partitioning reactions are known collectively as isotopic fractionation. In most cases,
isotopic fractionation of low-mass elements preferentially enriches the higher mass
isotope in the more solid or thermodynamically stable phase. This arises because the
vibrational energy of chemical bonds are directly proportional to their frequency, which
in turn is inversely related to the reduced mass

mm,

m +m
1 2

where m; and m; are atomic mass units of two different isotopes of the same element.
The higher the reduced mass, the lower the vibrational frequency, however, more
importantly, the larger the ratio of reduced masses between two different isotopes of the

same element, the larger the isotopic fractionation,
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v, H

where vis the vibrational frequency. Although chemical bond strength is determined by
the interaction of the atomic electronic shells, the vibrational energy differences are the
basis for isotopic fractionation reactions in nature. For example, the vapor pressure of
pure D0 (“heavy water”) is approximately 15% lower at 25°C than that of H,O. More
exact mathematical definitions of isofopic fractionation are beyond the scope of this brief
discussion, but the interested reader is referred to Criss (1999) for a thorough discussion.

Biological systems also fractionate the isotopic abundance of low-mass elements. In
this case, the isotopic fractionation is a non-equilibrium process that mostly depends on
kinetic rate processes of enzymatic reactions during metabolism. In general, autotrophic
organisms (i.e. plants and many bacteria) are responsible for the largest observed isotopic
fractionation factors in hydrogen, carbon, and oxygen (e.g. Smith and Epstein, 1971;
Epstein et al., 1977; DeNiro and Epstein, 1979), whereas heterotrophs exhibit smaller |
fractionations. |

Many higher mass elements commonly exhibit spontaneous radioactive decay, and
above mass 209, no stable isotopes éf elements exist for the so-called “heavy elements”.
Radioactive decay is due to nuclear instability of the atom, manifested by ejection and
incorporation of energized subatomic particles from the nucleus (e.g. gamma, beta, alpha
particles) in order to reach a more stable energy state. The rate of decay for any

radioisotope is constant, following a well known radioactive decay expression
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where N is the instantaneous abundance of a radioactive element, N, is its initial
abundance, A is the decay constant, and ¢ is time. The decay constant can easily be related
to the time when half the original abﬁndance has been decayed (half-life, or T12) by T2
= In2/). It is common to refer to the decay rate in terms of its half-life. For example,
uranium has three primary isotopes (**U, U, and 2387)), all of which are radioactive.
Nevertheless, their half-lives are 246,000 years for 24y, 700x10° years for 2350, and
4.5x10° years for 238, This is also the order of their abundance on earth for obvious
reasons. These natural isotopes originated during the nuclear synthesis of the solar
systém, and their slow decay rates have ensured their relative ubiquity on earth even
several billion years later. The entire decay chain sequence for uranium isptbpes is
complex, but its ultimate decay products are stable lead isotopes. Stable isotopes
produced from decay of radioisotopes are known as daughter products. The isotopic ratio
of 2*U/**U and *U/**®U have useful diagnostic properties for age-dating of old rocks
and for groundwater. Other well understood examples of natural radi_oactive isotopes are
H (T1,=12.4yrs) and ¢ (T12=5730yrs), both of which have been studied and used

" | extensively in thé hydrologic sciences. The reader is referred to Faure (1986) for more

detailed discussion of isotope geology theory and application

Principles of Oxygen-18 and Deuterium as Tracers in Surface Water

Oxygen and hydrogen comprising water molecules both have isotopes with different
masses. Oxygen-18 (‘%0) is a stable isotope (non—radioéctive) of oxygen that represents
approximately 0.2% of all oxygen atoms on earth, while deuterium (D or ’H) is a stable

isotope of hydrogen representing about 0.02% of all hydrogen atoms. These isotopes are

17



typically compared to the more common isotopes of oxygen-i6 (*°0, 99.8%) and protium
(H, 99.98%), respectively. The routine measurement of isotope abundances is
accomplished by mass spectrometers, an instrument that applies an electronic potential
and acceleration to charged particles and induces an orthogonal magnetic field to achieve
particle dispersion as a function of mass. For stable isotope mass spectrometry, purified
gases are ionized and isotopic abundances are measured as a ratio to a know standard and

converted by the equation

R
o= R - 111000
std

where R is the isotopic ratio of either D/H, *0/'°0, or 13C/'2C, Rstd is the isotopic ratio
of a known standard, and the 6 (pronounced “del”) value is the operational name
proceeding the isotopic species.

The isotopic abundance of 180 and deuterium has a pronounced variation among
different terrestrial waters, and observations of this abundance for the past 60 years have
given rise to many important works on underlying mechanisms controlling the hydrologic
cycle. The '°O atom in an HélGO molecule has a higher vibrational bond energy than 80
in an szO molecule, and therefore tile latter has a higher afﬁnify to and abundance in
lower energy states (i.e. liquid and ice). The same applies to hydrogenated and deuterated
water molecules, although the magnitude of the isotopic fractionation is gfeater because
of the large reduced mass difference between hydrogen and deuterium. The isotopic
fractionation of §'%0 and SD values in nafural water is ultimately governed by the
temperatgre during water evaporation and condensation. As such, large isotopic

variations are observed geographically as a function of latitude and altitude (e.g. Epstein
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and Mayeda, 1953; Craig, 1961; Dansgaard, 1964). Storm systems migrating over the
continent are essentially closed hydrologic systems. Sequential loss of cloud water with
time in these storm systems,.combined with isotopic fractionation, cause an isotopic
distillation effect. Therefore during continental migration of storm tracks heavier isotopes
are preferentially depleted with distance and time (Figure 1; e.g. Dansgaard, 1964;

Sheppard, 1986).

Figure 1. Mean annual 8'80 values for surface water and precipitation in North America is
controlled by latitude, elevation, and distance from coastal areas (after Taylor, 1974)

| The global meteoric water line (MWL) of 6D = 85'%0 + 10 (C'rai.g, 1961) reflects the
isotopic abundance of water vapor condensed under isotopic equilibrium at different
temperatures, and/or during progress of the distillation effect in single storm systems.
The slope, and the y-intercept (i.e. deuterium excess), resul';s, respectively, from the
relative fractionation of D/H and '80/'°O between water liquid and vapor, and from

kinetic isotope fractionation between water and water-vapor evolving over the open
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ocean (Craig and Gordon, 1965). Continental surface water and shallow groundwater
also undergoes kinetic isotope enrichment during evaporation, and liquid water isotopic
values enrich along'trajectoﬁes with slopes between 2.0 and 6.0 on a 8D-5'30 plot (Craig
et al., 1963; Stewart, 1975, Barnes and Allison, 1988).

The continental variation in 8D and 5'%0 values are reflected strongly in river water
(Friedman ét gl., 1964; Ramesh and Sarin, 1992). Large river systems, rsuch as the
Missouri River, originate in high elevation regions of the Eastern Rocky Mountains,
where melting snow contributes runoff with low deuterium and '80 abundances, whereas
lower elevation Wafersheds in the states of Nebraska, Kansas, and Missouri contribute
runoff to the Missouri River with higher abundance. Although inter-seasonal variations in
the mean isotopic value can occur (Friedman and Smith, 1972; Criss et al., 2001), the
large spatial variation in source areas of large river systems dominates the isotopic
signature.

Isotopic abundances of deuterium and 130 can vary significantly between and within
different storm events, and appears to be related to mean air temperatures during the
storm and storm sourées (Friedman et al., 1964; Lawrence et al., 1981). These: inter-storm
variations have been exploited in small watershed studies to delineate groundwater-
surface water interaction in stream runoff (Sklash and Farvolder, 1979; Pionke et al.,
1993; Fredrickson and Criss, 1999). Because groundwater tends to homogenize the inter-
storm isotopic variability, its contribution to stream flow will be distinguishable frdm
surface runoff originating from a single storm. This dynamic relationship has recently

been exploited as a groundwater dating tool (Fredrickson and Criss, 1999).
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Since water evaporation prefefentially enriches the liquid phase in Both deuterium and
130, a good linearity exists between salinity and isotopic abundance (Friedman et al.,
1964; Craig and Gordon, 1965). This relationship has been used to tréce sources of
salinity in surface and ground water investigations (Payne et al., 1979; Simpsoh and

Herzeg, 1991; Lambs, 2000; Criss et al., 2001).

Other Isotope Tracers Used in Surface Water Investigations
Nitrogen

Nitrate concentration is regulated as a primary contaminant in raw drinking water at
10mg/L as N. Increased nitrate concentration in major rivers due to human activity
around the world impacts the nutrient balance in stream riparian habitats and in coastal
ecosystems (Peierls et al., 1991). For example, Goolsby et al. (2000) argue that nitrate in
the Mississippi River has increased 2 to 5 fold in the past 100 years, and is largely |
responsible for the annual hypoxia oécunencg in the Gulf of Mexico. They contend the
majority of the nitrogen originates from fertilized farmlands of the Midwestern states.
Similar observations and conclusions are made for smaller-scale basins in the
northeastern US (e.g. Cronan et al., 1999). In addition, atmospheric deposition of nitrate
and ammonia are, respectively, implicated in acid rain increases in the northeastern US
and a contributor to nitrogen loading in the Mississippi River (e.g. Lawrence, 1999).
Similar arguments for nitrogen loading have been cited for sewége discharge (e.g.
Chesterikoff et al., 1992). |

Most of the earth’s nitrogen resides in the atmosphere (3.5x10'*%kg) and the earth’s
crust (1.8x10'®kg), whereas nitrogen residing in the hydrosphere and soils together’

represent a significantly smaller reservoir (~4.0x10"°kg). However, the nitrogen in this
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latter reservoir is in a constant state of flux, undergoing oxidation and reduction processes
during nutrient uptake and recycling. Nitrogen is usually found in soil and water as
nitrate, nitﬁte, ammonium, and amino acids, with the majority as either nitrate or
ammqnium. In natural systems, soil nitrogen is ultimately derived from the atmosphere
by nitrogen-fixing orgariisms, following a path of protonation to diirﬁide, and then
ammonia, ammonium, and finally amino acids. These reduced forms of nitrogen are
oxidized into hitrate upon release from plants. Nitrate either is reduced back to ammonia
by assimilative organisms, or it is denitrified by microbial réspiration as nitrous oxide or
nitrogen gas.

.Nitrogen has two stable isotopes of '°N (0.37%) and '“N (99.63%). The utility of an
enriched "N tracer has long been recognized in the agricultural and biological sciences.
However, the exploitation of natural "N/ 1N ratios as an environmental tracer has
received mixed results. Early work by Kohl et al. (1971) measured differences in the 8°N
abundance of dissolved nitrate in stream water and attributed them to a mixture between
natural and agricultural fertilizer sources. Their simple two end-member model was
criticized by Hauck et al. (1972) for underestimating the complexities of 5N fractionation
process in the soil environment. These fractionations result from assimilation of nitrate to -
ammonia and denitrification of nitrate to nitrogen or nitrous oxidev. There is a small
isotopic isotopic fractionation during nitrogen fixation also. Below are ranges of isotopic
differences observed for nitrogen isotopic fractionation under these conditions. Values
are shown as epsilons (g),e = (Ry/R, — 1)1000, where R is the isotopic ratio of one
chemical species and is compare to the isotopic ratio of another species (Rz) for which it

exchanges.
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_egxpermil |
Assimilation of Nitrate or Nitrite

Micro-organisms -9.7 to +45

Higher Plants : -1.7 to +0.6
Denitrification of Nitrate to N; or N,O +1.9 to +19.1
Nitrogen Fixation -3.7t0 +3.9

*Values derived from tables in Hiibner (1986)

A positive € value indicates an isotopic enrichment in the reactant, whereas a negative
value represents a depletion. Note that the most significant fractionations for >N are in
‘micro-organism assimilation reactions and in the denitrification processes. Most
biological fractionation prefers to enrich 14N, as can be seen by positive € values for most
assimilation and denitrification reactions. However, these processes tend to be reactant

* limited, and as a result, nitrogen species react under near-closed conditions. Because
isotopic mass must be conserved in closed reaction conditions, mean 5"°N values of total
nitrogen Will not change significantly. For example, most soil 8'°N values are only
modestly enriched over air (0 per mil) typically varying between 2 and +10 per mil (e.g.
Letolle, 1980; Kendall, 1998). Because most artificial fertilizers have 5N values near
that of air (Hiibner, 1986), fertilized soils do not differ dramatically from natural soil
nitrogen. Denitrification is somewhat common in saturated groundwater, and as such,
8'°N enrichments of nitrate correlate well with nitrate concentration, reflecting the closed
nature of the nitrogen reduction (e.g. Kreitler, 1983, Heaton, 1986).

A few studies in surface water using 8'°N as a tracer of nitrogen sources observed
similar trends as Kohl et al. (1971). In these studies, it is common for small watersheds
with multiple nitrogen sources to have near uniform 8'°N values, except for a marked
1>N-depletion during storm runoff and soil flushing, and a distinct ’N-enrichment during

baseflow (e.g. Mariotti et al., 1975). It has been postulated that this isotopic enrichment is
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due to ammonium volatiiization in the soil (e.g. Kreitler and Jones, 1973; Hiibner, 1986).
McMahon and Bohlke (1996) argued that large-scale denitrification in the soil/aquifer
system contribute to enriched 8N in stream water. Other work has shown nitrification
and denitrification from poiﬁt sources discharged to surface water contributed to large

~ and significant isotopic enrichments in residual nitrogen species with distance
downstream or time (e.‘g. Lindau et al., 1989; Ii et al., 1997).

More receI;tly simultaneous measurements of the 8'°N and the 8'%0 values of nitrate
have provided a dual tracer of nitrogen sources and processes. Most revealing are data
from alpine snow packs, where nitrates are highly enriched in 8'%0 (up to +70 per mil)
due to fallout from atmospheric sources (Durka et al., 1994). The dual isotope
measurement has also provided a robust quantitative approach for identifying and
tracking groundwater denitrification reactions (Wassenaar, 1995). However, soil |
nitrification usually entails a hydration reaction, and the 8'80 value of the nitrate does not
differ significantly from the soil water (Durka et él., 1994), leaving only the PNasa
quaiitative indicator.

Because of the complexities inherent in ﬁitrogen istope measurements and
interpretation, and based on limited success of previous work in surface water, this type
of isotopic analysis was not performed for this study. Under well defined and controlled
conditions, nitrogen isotopes can be diagnostic of sources and process in a semi-
quantitative manner. However, for the scope of this research, which is more
reconnaisssance in nature, the nitrogen isotope measurements would have provided only

qualitative information at best. This statement is further validated by recent results of
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5'°N and 8'%0 measurements of nitrate in the lower Mississippi River that did not yield

any difinitive results (Kendall et al., 1999).

Inorganic Carbon-13

Carbon has two stable isotopes '*C (99%) and 13C (1%). Most of the earth’s terrestrial
carbqn is fixed in reduced forms in the biosphere (ignoring coal and oil). The remaining
carbon is typically in oxidized forms as carbonates in rocks and soils, or as dissolved
inorganic forms in water, the ocean being the largest reservoir of this form. Dissolved
organic carbon (DOC) is also an important component, but is discussed in a later section.
All terrestrial carbon ﬁxéd in inorganic or organic forms originates from atmospheric
CO,. Modern atmospheric CO; has a 8"3C value of around —8.0 per mil (Keeling et al.
1989); CO; uétake by land plants results in isotopic fractionation of the B¢ between —20
and —30 per mil for plarits utilizing the C3 pathway of photosynthesis. C4 plants have a
smaller fractionation about half that of C3 plants (Smith and Epstein, 1971). Whole C3
plant material typically averages —28 per mil, while C4 plants average —13 per mil (e.g.
Deines, 1980). Corn and other grasses are commoﬂ C4 plants and have characteristically
higher 8'>C values than most trees for example.

Land plants respire CO; through their roots, which for C3 plants the 8'3C of the CO; is
between —25 and —28 per mil . This elevates the partial pressufe of CO; in the soil
environment. Additional CQO, in the soil is derived from oxidized organic matter. Soil
CO, is hydrated to carbonic acid and bicarbonate by soil water and by base reaction with
carbonate and silicate minerals. The dissolution of CO; into bicarbonate results in a net

8'C enrichment in the bicarbonate between 7 and 10 per mil (e.g. Mook, 1980). With
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additional carbon added from cafbonate mineral dissolution, the 8'3C of soil and shallow
groundwater of neutral pH typically ranges between —12 and —18 per mil beneath plants
.of C3 character; Higher values are expected for groundwater water beneath C4 plants (see
data in Clarke et al., 1998). These isotopic vaiues for shallow groundwater generally
reflect partial to complete isotopic equilibrium with soil CO, respired from plants.

If a surface water were exposed to the atmosphere for a long period of rtime, then its
DIC would isotopically equilibfate with atmospheric CO,, and the expected 8'*C would -
be —1 to +2 per mill(e.g. Mook and Tan, 1991). Ocean water is a good example since its
DIC 8'3C value averages ~ 0 per mil. Consequently, fhe dissolved inorganic carbon (DIC)
ih continental surface water will range between soil water values of —18 per mil, up to
around 0 per mil for waters in isotopic equilibrium with atmospheric CO2 (e.g. Mook and
| Tan, 1991). These differences have been further exploited recently in the Rhone River
system, where DIC (1mM to 3.8 mM) inversely correlz;ted with 8'°C values (-5 to -11
per mil; Aucour et al., 1999). The upper watershed had low DIC, where inorganic carbon
was 4ﬁxed by non-respiration processes, while the lower watershed showed increased DIC
and lower 5">C values from soil respired CO, sources. Temer and .Veizer (1999) noted
that consistently low 8'°C values (-8 to —16 per mil) for DIC in the Ottawa River
signified that respired CO, was the main source of DIC, atmospheric exchange was
insignificant, and autotrophic use of DIC did not.appreciably affect the river’s carbon

budget.
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Strontium and Uranium Isotopes

Strontium is another example of stable isotopes formed as radioactive decay products
(i.e. daughters). The stable isotc;pe ¥7Sr originates as a decay product of 3"Rb, whose half-
1ifé is 48x10° years. The stable isotope ratio of 87Sr/%8Sr is commonly used to date old
rocks, and have provided the most reliable estimates for the age of the earth. In addition,
Rb is an alkaline earth element and easily sulss‘gitutes for K in rock minerals. Therefore,
K-bearing minerals tend to have high 873r/%6Sr ratios, whereas Ca-Mg dominated rocks
such as marine carbonates tend to have much lower ratios. These differences have been
used to distinguish between marin¢ versus continental sources of Sr in ocean water
through geologic time (Burke et al., 1982). This has lead to several studies of sources and
isotopic character of continental erosion and transport of suspended material to the ocean
by rivers (e.g. Wadleigh et al., 1985; Palmer and Edmond, 1992). In smaller scale river
studies, the 87Q1/86Qr ratio measurement has aided in the source delineation of dissolved
loads (e.g. Douglas et al., 1995; Sembi et al., 2000; Grosbois et al., 2000).

The ¥St/*%Sr ratio has also Been used to discriminate preferential minéral'hydrolysis
among mineral mixtures in rocks and soils (e.g. Bullen et al., 1997). The effect of this
differential hydro}ysis has been noted in snowmelt stream waters of the Sierra Nevada
Mountains in California (Blum et al., 1994). The 87S1/%8Sr ratio has been used to measure
the rate at which shallow groundwater.recharge reacts towards chemical equilibrium with
the aquifer mineralogy, and mixing with other recharge sources (e.g. Bullen et al., 1996).
Because Sr is a divalent cation, it also serves as a proxy and tracer of other major divalent
cations such as Ca, and therefore has béen explored as a nutrient tracer in small

catchments (Bullen and Kendall, 1998). The successful use of Sr isotopes as a tracer in
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river studies depends on understanding rates of mineral hydrolysis and progression
toward thermodynamic equilibrium in stream inorganic chemistry. This will depend on
the"‘age” of the surface water (e.g. fresh alpine snowmelt versus floodplains) and some
prior knowledge of basin geologic age.

Uranium in continental rivers is mostly generated by exposed carbonate rocks, and in
some cases black shales, and its flux to world oceans has been characterized (Palmer and
Edmond, 1993). The uranium isotopic abundance in natural Water has generated much
interest and debate over the years, mostly because of the complex radioactive decay chain
of the uranium isotopes, and the chemical behavior of intermediate radiogenic daughters.
For example, 238 decay by alpha emission forms 23T at a constant rate. Subsequently, .
the **Th decays by beta emission to 2**U at a decay rate greater than 280 (e.g. Tupp for
24Th = 24.1 days). Therefore, a secular equilibrium is formed among these three
isotopes. It is thought that durihg 2387 decay, the energetic alpha emission, or alpha
recoil, damages crystalline sites in minerals, so that subsequent formation of 241 is more |
readily solubilized from a mineral surface (Ivanovich and Harmon, 1982). Th also has a
low aqueous solubility compared to U, and is likely scavenged readily from the aqueous
environrﬁent during aqueous 2**U decay. This differential solubility due specifically to
alpha recoil causes high 2341 /33 isotopic ratios in natural groundwater (e.g. Osmond
and Cowart, 1982), whereas the source of U (e.g. soil or rock) will maintain its natural
247 /P80 isotopic ratio. The 24U/2%U isotopic ratio is commonly converted to an
activity ratio, where a ratio of 1.0 represents a natural uranium source, ‘and aratio >1.0

typically results from alpha recoil effects (i.e. in groundwater). .
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Snow and Spalding (1994) measured 234/38U ratios in the Platte River to delineate
uranium sources. The activity ratios in Platte River were high (~1.70) during baseflow
and low (down to 1.03) during high flow. These differences were due to groundwater
sources with high ratios dominating discharge during léw flow periods, and surface
runoff with low ratios during high flow periods. Presumably, the runoff recently leached
uranium from a source with an activity ratio near unity. However, the workers also
spggested that uranium in phosphate fertilizers would also have similarly low activity
ratios, and due to previous observations of high nitrates in the river, concluded that
fertilizers were also a potential uranium source. Subsequent work by Zielinski et al.
(1997) in southeastern Colorado showed that uranium and nitrate were decoupled in
stream water, and that the low 2*U/? 3U activity ratios were due to leaching of shaley
soils. Furthermore, they suggested that Ca-P-U complexes in fertilizer have lower
solubility than oxidized forms of uranium in natural soils. The interpretation of B4uPBy
activity ratios in river water have shown to be more complex due to in-stream scavenging
processes between dissolved and particulate forms, whose affect on the activity ratio
depend on season, pH, and salinity (Plater et al., 1992; Rodriguez-Alvarez and Sanchez,
1999). Organic rich sediments appear to sequester uranium most efficiently and can be a

potential source of high 24/P8U activity ratios (Porcelli ét al., 1997).

Additional Isotopes
Other isotope tracers have been used as source and process tracers in surface water
systems, but are beyond the scope of this investigation. The reader is encouraged to read

Ingri et al. (1997) and Robinson and Botrell (1997) for interesting uses of sulfur isotopes
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in river catchments, and their relation to acid rain depdsition. Also a good introduction to
boron isotopes as water tracers can bé found in Bassett et al. (1995) and Komor (1997),
although the conclusion of this report is that boron is subjected to absorption by clay

minerals for which there is a large isotopic fractionation (40 per mil).

Multi-isotope Tracer Approaches in Surface Water

A limitéd ﬂumber of studies of river water have used a multiple isotope measurement
approach in attempt to delineate the complex nature of various sources and processes of
dissolved ‘inorganic constituents (é. g. Hitchon and Krouse, 1972; Longinelli and Edmond,
1983; Aravena and Suzuki? 1990; Buhl, et al., 1991; Yang et.al., 1996; Karim and Veizer,
2000). This brief discussion is included since the concépt is generally the same as the one
applied in this present report. Studies df this nature are more common in groundwater,
mostly because the uncertainties in sources and replenishment rates of groundwater
supplies can be greatly reduced by multiple independent measures of some parameters,
such as groundwater age (€.8. Ivan§vich et al., 1991). Likewise, multiple isotope
measures of river water may provide a more integrated picture of physio-and biochemical
processes governing natural and anthropogenic water quality. An integrated view can
provide a model framework in which to predict or modify water quality at a point of use,
or mitigate potential future negative impacts from current river basin conditions.
Nevertheless, these multiple isotope studies are in general revealing. For example,
Hitchon and Krouse (1972) investigated 6'80, oD, §"*Cpic, and 5>*Ss04 in Canadian
rivers and found strong continental effects and subsequent evaporation controlling the

significant 8D and 8'%0 variations. They found that the 8'°C mostly had limited
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atmospheric exchange and was generated by rock dissolution and biogenic respiration.
The §%*S reflect three different rock sources of various age and environmental deposition.
In contrast, Longinelli and Edmond (1983) for the equatorial Amazon River, found very
little continental effect in the river water due to strong recirculation of water vapor from
the forest canopy, which buffered the isotopic composition of precipitation. Because of
the dense tropical forests, the 8"3Cpc was mostly control by respiration, showing little
rock dissolution control or atmospheric exchange. Also, the 8**Ss04 Was uniform in this
basin due to one source rock area rich in gypsum. However, the 880504 decreased
downstream presumably due to reduction-mediated exchange .with dissolved oxygen.
Karim and Veizer (2000) noted in 5 4Sso4 and 8'%0soy4 values for the Indus River that SO4
originated as oxidatibn of sulfide minerals.

In another study in Chile, Aravena and Suzuki (1990) found that 8130 was largely
controlled by groundwater discharge and that the 813CD1C and 14CDIC were control mostly

~

by subsurface volcanic emissions of CO; in this highly volcanic terrain. Yang et al.
(1996) for the St. Lawrence River found that the Great Lakes buffered isotopic
abundances of water, SOa, Sr, and DIC, even though upstream tributaries showed large
variations. The 8'>Cp;c was in near isotopic equilibrium With atmospheric CO,. Lastly,
Buhl et al. (1991) observed in the Rhine River similar 5'30 and 8'C variations for
northern hemisphere rivers, but that thé 87Gr/%°Sr ratios were mostly controlled by
discharge of salt mine waste and industrial effluent, rather than from primary rock

sources within tributaries having distinct 87S1/*%Sr ratios.
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" Tracing Dissolved Organic Matter in Surface Water

Introduction

Interest in understanding the sources and character of natural organic mat;cer spans
nearly 200 years, with concerted efforts to isolate and chemically charactgrize its nature
beginning in the early 1900’s (see Stevenson, 1985 for history of soil organic rﬁatter, and
Thurman, 1985 and Malcolm, 1985 for history of aquatic humic material). The amount of |
organic carboﬁ in rivers became a major concern later when industrial effluents and raw
sewage that discharged into rivers and lakes contributed to high BOD and oxygen sag.
More recent water quality interest in dissolved organic matter is associated with drinking
water chlorination and the_formation poténtial of disinfection by—products (e.g. Rook,
1977, Larson and Webber, 1994, Siﬁger, 1999).

Parallel research apparently divorced of drinking water quality interests has existed in
ecosystem and climate studies. Here much of the research has focused on the role of
aquatic organic matter as a base nutrient in food chains (e.g. Munster and Chrost, 1990),
global fluxes with respect to the carbon cycle (See Schlesinger, 1994), and its rate of
turnover ir;'terrestrial ecosystems (e.g. Hedges et al., 1986). These research areas in many
respects pursue similar questions as in the water quality field regarding source and
character of organic matter, but have no traditional overlap.

" One necessary digression at this point requires review of terminology used for organic
matter. In the nafural sciences, aquatic organic matter is usually separated into three
fractions. These include 1) dissolved organic matter (DOC), which is organic matter that |

passes through a 0.45um filter, 2) particulate organic matter (POC), which is retained by

the 0.45um filter and has been referred to also as suspended organic matter, and 3) total
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organic matter (TOC),l which is the sum of the DOC and POC. In the drinking water
quality field there has beén traditional use of the term TOC for measurements of surface
water filtered at 0.45um. However, technically the measurement is DOC, but since many
rivers‘ and streams comprise mostly <0.45um organic material, the terminology has been
freely interchanged. The reader is referred to Thurman (1985) for further discussion. This

report will use, whenever possible, DOC.

DOC Concentrations
Thurman (1985) summarized the DOC concentration in wo.rld rivers, showing the

| highest concentrations were in wetlands and swamps (avg. 25 mg/L), the lowest in arctic,
alpine, and arid regions (#vg. 2-3 mg/L), and temperate to tropical climates were in
between (avg. 3-7 mg/L). Climate is one of the most important factors controlling DOC
concentraﬁon in ﬁvers (Thurman, 1985). Annual precipitation and temperature
independently control terrestrial climate and vegetation in a watershed. Their correlation
to net primary productivity (NPP) of vegetation has long been established (see e.g.
Schlesinger, 1996). Areas of high precipitation, temperatures, and NPP (i.e. tropics)
typically have e;(telisively weathered soils somewhat poor in organic matter, and their
associated rivers typically have high DOC. In contrast, regiqns with lower NPP (e.g.
prairies) typically have less weathered soil with a high organic carbon sequestering

~ capacity. Cohsequently, rivers in more arid climates tend to have lower DOC. High

dissolved solids are typical for river waters in semi-arid to arid regions, whereas low

dissolved solids are common in temperate woodland, alpine, and tropical rivers. Tropical

soils are typically devoid of divalent cations, and hence humic substances comprising
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DOC are mbre readily soluble (see e.g. Hayes and Swift, 1978). This also is consistent
with observations of Aiken and Malcolm (1987), who showed that DOC concentrations
and the molecular weights of their humic substances (see below) were inversely
proportional to the dissolved solid concentration of the surface waters. They similarly
concluded that more weathered soils have fewer divalent cations and produce dissolved
humic substances with higher solubilities and highér molecular weights.

Within rivér systems different vegetation types and microclimates can control DOC
concentrations. For example, in the southeastern US lowland areas comprising wetland
settings produce significantly higher DOC than upland forested areas (e.g. Mulholland
and Kuenzler, 1979). Wetlands typically have high carbon fixation rates aﬁd are known
to discharge watér with high DOC concentrations (e.g. Mann and Wetzel, 1995). In the -
Missouri River, annual precipitation is twice as high in the lower river area than in the
upper watershed, and similar DOC differences are expected (see bélow).

- Podzolization of soil at depth has been shown to increase sequestration of DOC
leached from shallower zones, and has been shown to affect stream DOC concentration
(McDowell and Wood, 1984). Soil formation in different géologic rock types can have a
significant effect of organic carbon sorption and DOC concentrations in adjacent streams,
somewhat independent of climate (Nelson et al., 1993). More recent work has shown that
soil mineralogy also plays an important role in cycling rates of soil organic matter (Torn,
et al., 1997).

During storm flow, DOC concentration in a river typically rises. Studies attribute this

rise to flushing of DOC-rich soil water and leaching of leaf litter from runoff and
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throughflow of shallow groundwater through the soil (e.g. Brinson, 1976; Thurman,
1985; Fiebig et al., 1990). |
Lastly, storage of river water in large reservoirs, efﬂueﬂt from agricultural irrigation,
~ and treatment through artificial wetlands can all have significant effects on the DOC
concentration, including increased POC from algae and higher disinfection byproduct

formation (e.g. Amy et al., 1990; Parks and Baker, 1997)

DOC Characterz:zation

Aside from bulk g:oncentration measurements, a rich and diverse history of DOC
characterization exists in the open literature. Much of this previous work is outside the
scope of this report, but a brief summary is provided. Probably the most relevaﬁt feature
of DOC characterization to this report is the distinction between allochthonous and
autochthonous sources (see Thurman, 1985). Allochthonous DOC is derived from plant
| and soil sources, or outside the aquatic environment, whereas autochthonous DOC is
generated within the water column. For exampl‘e, autotrophs, such as algae, would be the
most common autochthonous source of POC and DOC, whose amount varies depending
on the aquatic system and season. Most river environments are dominated by
allochthonous DOC because of adjacent soils and vegetation. However, where natural or
man-made lakes and réservoirs are present, autotrophic contribution to the DOC pool can
increase, particularly where nutrient levels are high. Typical algal production can vary in
lakes depending on latitude, climate,' lake depths, clarity and nutrient levels. For example,
mid-latitude ‘lakes (39-55°N) have photosynthetic fixation rates up to 2 gC/mz-_day in mid-

summer, whereas they will be nearly 10 times lower in winter, while equatorial lakes
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show little seasonal variation but have high photosynthetic fixation rates (e.g. 5 gC/mz;
day; Tilzer, 1987). The distribution of allochthonous and autochthonous sources of DOC
in rivers will in general be dictated by the amount of algal productivity within the flowing
water, the number and character of surface impoundments contributing to the flow,
latitude, and the season.

Besides allochthénous and autochthonous forms of DOC, its éharacter can also be
delineated bas;ed on compound identification, chemical function, acidity, and solubility.
The most rigorous attempts to identify chemical compounds.have resulted in |
identification of only 10-20% of the DOC (e.g. Ding et al., 1996). In natural waters
identifiable compounds typically are mono- and polysaccharides, amino acids, pigments
such as chlorophyil a, and short-chained carboxylic acids (Lytle and Perdue, 1981; Sweet
and Perdue, 1982; Thﬁrman, 1985; Leenheer, 1994). The remaining is large molecular
weight, non—bolymeric phenolic compounds with molecular weight between 500-1000
Daltons that are generally referred to as humic substances. These are usually recalcitrant
“ plant and bacterial residues, and can be separated and isolated based on absorption and
solubility. In soil science, base extraction of soils produces humic substances, and
following centrifugation and strong acid in thé decanted solution always forms humic
acid precipitate, with a lesser amount of ful&ic acid remaiﬁing in solution (Stevenson,
1985). Humic acids have low solubility, and therefore their common association with
soils, whereas fulvic acids are more soluble and are more common in rivers (€.g.
Malcolm, 1985).

Many spectroscopy methods are available to characterized DOC by functional groups.

For many years researchers struggled with isolation and purification of DOC.
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Unfortunately, loss due to either sorptive media or desalting by ion exchange always
resulted in preferential loss of specific compound classes. Nevertheless, early work did
much to identify many functional classes of DOC (e.g. carboxylic acids, hydroxyls,
ketones). The development and use of non-ionic resins in the late 1970;s did much to

‘ advénce the field of isolation and characterization, and resulted a general operational
class of organic isolates (Thurman and Malcolm, 1981; Aiken et al., 1994). XAD-8 and
XAD-4 are commonly employed today to isolate and purify DOC into humic and
hydrophilic substances, respectively. Humic substances extracted from water can be
separated into humic and fulvic acid upon acidification. The humic substances tend to be
aromatic rich, with aliphatic linkages (Malcolm, 1985). Hydrophilic substances tend to be
more carbohydrate rich; and have a higher density of oxidized functional groups (Aiken
et al., 1994), hence their higher solubility. XAD-8 and XAD-4 do not isolate all the DOC
in a sample. Higher conductivity water tends to have poor yields on the resins. Recent
advancements added to these isolation techniques have achieved ~100% recoveries of
DOC into purified isolates (Leenheer et al. 2000). In particular, the unrecoverable

fraction of DOC appears to be microbial cell-wall residues.

Isotopic Studies of Dissolved Organic Matter
Isotopic studies of DOC have been surprisingly limited. Most isotopic data for aquatic
organic matter has been conducted on POC, usually in ecological and climat-related -
studies. For example, previous‘ observation of 5"°C values measured on .aquatic organic
matter in rivers showed annual 8'>C variations (up to 6.0 per mil) in POC from Sanaga

River water in Cameroon (Bird et al., ‘1998). The 8'3C was enriched during high flows,
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and depleted during low flows. These workers related the variation to different vegetation
typés in the watershed, namely plants with C4 inetabolic pathways in grass-dominated
savannah contributed higher 5"3C during high flow, and C3 vegetation growing adjacent
to the river bank dominated during low flow. Gofii et al. (1998) proposed a similar
process contributing to sedimentary organic matter measured for 8'>C on specific isolates
in the Mississippi River delta. Based on lignin analysis and ratios of phenolic

~ compounds, they showed that a small portion of sedimentary organic matter was
terrigenous in origin and that its 8'°C variation was due toa mixtufe of soil organic
matter from C4 and C3 plant material. In contrast, Barth et al. (1998) concluded thaf 81°C
variations (~6.0 per mil) of POC in the upper St. Lawrence river was primarily due to

» photosynthetic production. This was most prevalent in near-shore or embayment areas of
the river. The 8'°C of POC in the main channel varied to a lesser degree, but they
concluded that the bulk of the POC was derived from photosynthesis in the Great Lakes.
Similar variations in 8'>C of POC have been noted in the Great Lakes (Hodell and
Schelske, 1998).

Other isotopic works have been conducted in ocean settings for source indication
(Williams et al., 1992), and in the Amazon Basin for biogeochemical cycling (Hedges et
al., 1986; Quay et al., 1992). Other relevant work are isofopic studies of soil organic
matter to determine natural cycling rates (Trﬁmbore, 1993; Harrison et al., 1993, Torn et
al., 1997), turnover of carbon pools using natural 813C variations (Heidmann and
Scharpenseel, 1992; Wedin et al., 1995), and for processes that cbntrol stable isotopic

changes during soil aging (Natelhoffer and Fry, 1988).
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The carbon isotopic composition of bulk DOC in surface water has been measured in
at least one study of a small watershed, where 8'°C and '“C measurements of surface
water DOC were compared to groundwater and soil water DOC values (Schiff et al.,
1990; Schiff et al., 1997). In a more recent example, isotopic abundances of humic
substances in soil and water were conducted to elucidate effects of land use change on

_soil organié matter turnover (Kalbitz et al., 2000). Isotopic analysis of groundwater DOC
has been developed specifically as an age-dating tool (Wassenaar et al., 1990; Aningér et
al., 1996). In these studies humic substances were isolated specifically for the

measurement. ?

Study Areas

Missouri River System

The Missouri River above St. Louis is one of the great rivers of the world'in terms of
its length (2533 mi) and drainage area (529,400 mi’), but not in terms of its average
discharge, which is only about 78,570 cfs (van der Leeden, 1975; Fig. 2). The river
originates at the continental divide in Montana and joins the Mississippi River about 15
miles above St. Louis, Missouri, and en route drains much of the Great Plains of the USA
and southernmost Canada. Along its length the character of the river changes markedly,
from a fast clearwater stream fed by alpine snowmelt, through 5 major impoundments in
the midwestern plains, and ultimately to a large meandering channel in the State of
Missouri, where the average gradient is only 0.85 feet per mile. Annual precipitation in
the prairie-dominated midwestern plains (avg. ~ 20 in/yr) is much lowef than in the

woodland-dominated lower river area of Missouri (avg. ~ 40 in/yr).
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Figure 2. Missouri River Basin and sampling points in Missouri for this study. Note the Missouri River is
largely dammed in the upper portion of the watershed, while the lower watershed is mostly navigable
waters. :

Several aspects of Missouri River water are distinctive. Although the river has a
typical Ca-Mg bicarbonate chemistry, an unusual aspect is that the dissolved solid
content decreases downstream across the state of Missouri (Homyk and J effery, 1967).
The river is famous for its high sediment load, yet this load may have been even higher
before cultural development of the watershed. Concentrations of agrochemicals are a
gréwing concern for this and many other midwestern rivers (e.g., Thurman et al., 1991).

Stféamﬂow yariations of the Missouri River are also unusually large for a river of its
size. During the last 40 years, daily mean streamflow at the Hermann, Missouri gauging
station has Varied‘fron;l 6210 cfs (Dec. 23, 1963) to 739,000 cfs during the July 31, 1993

flood peak, representing more than a hundredfold variation (Hauck et al, 1997). Flows
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outside these extremes are estimated if the historical period is extended, for example, to
include the 1844 flood. |

The modern appearance of the Missouri Rivér belies its natural, predevelopment
character. Historically the river was braided with an anastomosing cha‘m'lel that included
many small island's. énd bars (e.g., Izenberg, 1996; Patrick, 1998). Wildlife was abundant
but the numerous snags, sand bars and caving banks presented severe hazards to
navigation, even for small vessels as lucidly described by Léwis and Clark. Catastrophié
losses during the steamboat era led to snag removal and other navigational improvements,
and by the 1930's, the river was engineered to a single channel by dredging and by
construction of levees, wing dams, and bank stabilization Works; Across the state of
Missouri, the transformation of the natural river to its nearly invariant channel with a 9
foot minimum depth was effected by an 8% reduction in total length, a 50% reduction in
the water surface area, a 98% reduction in island area, and the removal of néarly 20,000
snags (Funk and Robinson, 1974).

The City of St. Louis, Department of Public Utilities, operates and maintains two
surface water treatment plants that combined produce 140 million gallons of drinking
water per day for the City of St. Louis. One plant is located at the Howard Bend Station
(Fig. 2) along the lowér end of the Missouri River. The second plant is the Chain of Rocks
Station located on the west-bank of the Mississippi River just below the confluence of the
Missouri and Mississippi Rivers. However, based on historical water Quality data, the
Chaiﬁ of Rocks plant draws 100% Missouri River water, since the rivers have not mixed
appreciably at the plant’s iﬁtake point (Dave Visintainer, personal communication). This

has been verified by comparative §'*0 measurements between the two rivers collected at
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the same time (Robert Criss, personal communication). The plants use standard practices
of settling, coagulation, sand filtration, and chlorination for water treatrhent. The Public
Works Department has historically been concerned with high suspehded loads in the
Missouri River, which increase settling times, but more recently by the potential of
microbial contamination and disinfection by-product production during chlorination. Théy

were recently a participant in US EPA’s 18 month Information Collection Ruling.

California Rivers

California provides a unique setting in which to study rivers. The area experiences
Mediterranean clifnafe with long dry summers followed by a shorter, but intense winter
precipitation. The physiography is diverse with coastal mountains reaching ~3500 feet ~
lying adjacent to one of the world’s largest closed basins know as the Central Valley. The
valley rises steeplsl to the east where the Sierra Nevada Mountains reach elevations in

-excess of 14,000 feet. Precipitation originates mostly from Pacific Ocean tropical and
arctic air convergehce, producing annual precipitation raﬁging from <6in/yr in
California’s southeastern deserts to >200in/yr in the coastal mountains of hortheasterh
California.

The Sacrarriento and San Joaquin Rivers are the two main river systems draining the
interior of California with combined flows averaging ~29 million acre-ft per year (Fig. 3;
~40,000 cfs). Major water worksl that have dramatically changed the natural character if
these rivers include the Central Valley Project and the State Water Project, whose
combined annual reservoir storage is 14.4 million acre-ft. ’fhe Central Valley Project is a

federal program created in the 1930s to supply San Joaquin Valley farmers with an
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irrigation supply to offset growing deflation of regional groundwater from pumping. This
transformed California’s Central Valley into a major world supblier of fresh produce and
cotton worth billions of dollars annually today. Long-term tradeoffs for this large-scale
surface water diversion include reduced fish populations in the Sacraménto-San Joaquin
Delta because of loss in spawning and feeding habitat, and increased salt accumulatiqn
and water-logging beneath agricultural fields. Through time, fields were lined with olz;en
tile pipes to promote drainage, and salt-laden water was diverted down the man-made
Delta-Mendota Canal. Approximately 15 years égo, it was discovered that many of these
salt-laden waters were hazardly-enriched in selenium and dramatically affected
reproduction in migratory bird populations in restored wetlands (see Harris, 1991 for
review). Today, selenium and salt discharge is minimized by regulated drainage and
retirement of agricultural land having the greatest impact.

The State Water Project was constructed in the 1950-1970s to Speciﬁcally divert water
to a rapidly growing population in southern California. The project principally consists of
Lake Oroville, which dams and stores 3.5 million acre-ft of Feather River water in |
northern Califorxﬁa, and transfers it south via the California Aqueduct. The aqueduct is a
concrete-lined charnel that lifts this water a total of ~3000feet and delivers it to a large
area across southern California. The pumping of water into the aqueduct occurs in the
southwestern portion of the Delta, and the source of the water pumped is a mixture of
Sacramento and San Joaquin River water. Another diversion of Delta wate; follows the
South Bay Aqueduct, which delivers surface water to San Francisco Bay reéidents in the

southeastern and southern Bay regions.
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Water agencies utilizing Delta water for drinking purposes are the Contra Costa Water
District, the Metropolitan Water District of Southern California, and several other
agencies in the Bay area. These agencies are concerned over the potential for increasing
levels of TOC and pathogens in Délta water and its affect on treatability. The current
<CalFed process funded to “fix” the Defta by bring agricultural, ecological, and urban
dcmands in balance are faced with tough scrutiny from these drinking water interest,
since some mitigation strategies may easily promote TOC increase. The 35 million
people today‘ in California are faced with a >50% population increase in the next 25
years, and the ultimate decisions regarding the Delta will affect water availability for a
large percentage of these people.

This report shows several isotopic reconnaissance studies in California ri\}ers, with
some limited detailed Work in the lower San Joaquin River. Figure 3 shows sampling
sites visited once or}on a repeate&basis during the course of this study,Abut details of each
river system shown are beyond the necessary scope of this particular report. However,

below is reported some more detail of the San Joaquin River for further reference later.
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SAMPLING SITES, CALIFORNIA
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Figure 3. California’s diverse physiography gives rise to several large river systems
draining the interior of the state, and they all meet at the Sacramento-San Joaquin Delta.
Major diversion projects over the years have dramatically affected the ecological
conditions of the rivers and their drinking water quality. '

San Joaquin River System - The San Joaquin River watershed spans a region over 12,000

mi? (31,000km?). The upper watershed is a temperate alpine area of the Sierra Nevada
Mountains (avg precipitation is 43in/yr), with elevations exceeding 10,000ft, while the
mid- to lower reaches are semi-arid (avg. rain is 12in/yr) dominated by intense

agricultural irrigation (Fig. 4). The river terminates in the Sacramento-San J oaquin Delta.
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Water quality has deteriorated in the river water over time, mostly due to high salt and

organic loads in runoff from irrigated land, and loss of natural wetland habitat.
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Figd:e 4. The San Joaquin River watershed encompasses half
the San Joaquin Valley and a significant portion of the southern
Sierra Nevada drainages. The alpine, irrigated agriculture, and
deltaic environments all within the watershed make the river
basin geochemically diverse. Figure is from Dubrovsky et al.
(1998).

Mean annual discharge in the San Joaquin River is about 4600 cfs, with flood stage
reaching 79,000 cfs. The San Joaquin-is a highly manipulated waterway, with
hydroelectric diversion in the upper watershed with significant storage in reservoirs (1.2
million acre-ft capacity). In addition, the entire discharge of the river below Fresno
California is diverted for agricultural irrigation. During the summer, by the time the river
flows along its normal course on the west-side of the San Joaquin Valley, the flow nearly

disappears. In order to maintain mandated flows into the Delta, a combination of diverted

water from the Delta and agricultural return flows are added to the river channel. This
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changes the water quality of the river. Soils and shallow groundwater in these areas are
known for their saltiness and highly enriched selenium content (e.g. Deverel and
Gallanthine, 1989), which dramatically increases dissolved salt loads and geochemical

character of the river.

Method and Materials

This study utilized daily water quality analyses generated by the City of St. Louis
Public Works, Howard Bend Plant on the Missouri River. They generate daily values for
electrical conductivify, pH, temperature, and alkalinity all by standard EPA methods.
They also collect daily stage measurements of river height. These stage measurements are
converted to discharge by comparing them to discharge records at the US Geological
Survey gauging station at Hermann, Missouri, approximately 60 miles upstream. The
discharge at Hermann is highly correlative with Howard Bend stage measurements (R* =
0.93). Additional data was collgcted by the US Geological Survey stream gauging
stations throughout the watershed and was available over the web.

Daily to bi-weekly samples for 5'%0 measurements were collected by Howard Bend

personnel and Robert Criss at Washington University of St. Louis. Most 8'%0 data was
generated at Washington University using standard CO; equilibration techniques
followed by isotope ratio mass spectrométry (Epstein and Mayeda, 1953). The 5'%0
values of water collected for DOC isotope analyses were measured at LLNL by the same
method. Isotopic abundances are reported as a ratio to a known standard and converted

by the & equation defined earlier.
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Samples for dissolved anions were collected in Nalgene plastic bottles, and those for
nitrate were preserved with metcuric-chloride. Measurements were analyzed on a Dionex
BioLC Ion Chtorhato graphy System by standard methods. Sample bottles for trace metals
were commercially-cleaned I-Chem bottles that were leached with 1% trace metal grade
Seastar nitric acid for two weeks, then leached with Milli-Q water for one week. An
aliquot of each sample Was. filtered through a 0.45um Gelmatl filter in a clean lab. These
samples wereA kept refrigerated and preserved with trace metal grade Seastar nitric acid.
Trace metals were analyzed on a Finni gan Mat magnetic sector field ICP-MS housed at
Washington University, St. Louis. The 234/%8U ratios were also determined on this
instrument using isotope dilution methods since it has a high resolution, multi-collectton
capability (e.g. Hinrichs and Schnetger, 1999). |

Samples for 13C and "“C measurements on DIC were collected in a 125ml glass bottle
with a Teﬂon-lined rubber septa cap to prevent exchange with atmospheric CO..
Approximately 4 drops of a saturated HgCl, solution were added as a preservative and
samples were kept refrigerated until analysis. The inorganic carbon was acid stripped
under high vacuum and purged with an ultra pure carrier gas (Davisson and Velsko,
1994) similar to methods of McNichol et al. (1994). The liberated CO; was then reduced
to graphite on a separate vacuum line using a cobalt catalyst and hydrogen gas at a 5 70°C
reaction temperature (V ogél et al,, 1987). All *C cont:entrations were determtned on the
accelerator mass spectrometer at LLNL. The §'3C results are reported in the same format
830, but corrected against NBS PDB standard. The 14C is reported as a percent of
modern carbon (pmc) relative to a 1950 atmospheric CO; (e standard (Stuiver and

Polach, 1977). Method precision averaged £0.1 per mil for 8'3C, and +1 pmc for .
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Samples for 38CY/Cl ratios were collected in commercially-cleaned I-Chem bottles. The
38C1 was extracted by precipitating a quantitative Yield of Cl from thé water by adding
AgNOj; and precipitating a AgCl, solid (Bentley et al., 1986). The AgCl, was then
vdissolved in NH,OH to precipitate out sulfates. The aqueous solution was ﬁltereci and
AgCl, was reprecipitated by aéidiﬁcation. The precipitate was then washed, dried-down,
.and packed into an aluminum target. The 3®Cl was analyzed by acceleraﬁor mass
spectrometry at LLNL and reported as a ratio of 38C1 to total Cl measured in the water
(Elmore et al., 1979).

The methyl-fert-butylether was measured on a few river samples collected in
California. A method for a 15 part per trillion detection limit was developed to quantify
- concentrations in surface waters (Koester et al., 1998). A 25ml sample collected in ultra-
clean 40ml VOA vials (I-Chem),v were purged and trap by standard methodé, and
analyzed by GC/MS using an ion-selective mode. |

Samples for 1*C and "*C analysis on DOC and its humic fractions were collected in
one liter pyrex bottles pre-combusted at 500°C for 3 hours. A few drops of concentrated
mercuric-chloridé were added in the field to poison any microbes potentially
metabolizing the DOC. Samples were stored on ice in the dark. Samples for isotope
analysis on total DOC were filtered at 1.0um with pré-combusted glass fiber filters.
Samples used for humic substance isolation were filtered at 0.45um with a nylon filter
cartﬁdge (Gelman) pre-flushed with 2 liters of MilliQ/UV-Plus lab water having a DOC
concentration <0.1mg/L.

DOC measurements were made on a Shimadzu 5 OOOA TOC analyzer by high

temperature combustion to CO, followed by IR detection and quantification. For isotopic
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analy@s of bulk DOC, SOO-IOOOml of filtered water was rota-evaporated to ~10ml and
then acidified with ultrapure 6N HCI to remove inorganic carbon. The solution was
freeze dried, and the powder was homogenized and stored in a glass vial inside a
container of désiccant. The powder was weighed into a 6mm Vicor tube, placed together
in a 9mm Vicor tube with CuO, vacuum spaled, and combusted at 900°C for 3 hours. The
CO; was cryogenically pliriﬁed on a vacuum line, split for 81C determination by isotope
ratio mass spectrometry, and the remainder was converted to graphite and analyzed for
14C on an accelerator mass spectrometer at LLNL (see above). Methodlprecision
averaged +0.2 per mil for 8'3C, and +2 pme for '*C.

DOC was fractionated into its humic substances using XAD-8 resin (Supelco DAX-8)
packed in a 0.5cm diameter X 30cm long glass column with teflon stopcocks, following
the resin preparation and analytical methods of Thurman and Malcolm (1981). 1-2 liters
were pumped over the XAD-8 at <500ml/hr at pH 2.0. Thé sorbed humic substances were
eluted with 0.1N NaOH! No attempt was made to extract residual DOC retained on the
resin, noted by a weak brown staining after elution. Eluates were acidified to pH of 1.01
with concentrated ultra-pure HCl to separate humic acids from fulvic acids. Humic acid
precipitation generally took 2 weeks to 1 month because of the low humic acid content.
The humic acid was separated by centrifugation and both humic fractions Were freeze-
dried, combusted, and prepared by the same method as the bulk DOC. Samples of humic
samples received from Jerry Léenheer at the US Geological Survey were prepared by the

same method.
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Results and Discussion on the Missouri River

Relationship Between Discharge and Electrical Conductivity

Discharge in the Missouri River has a seasonal cycle, with maximum annual flows

occurring between March and May. Seasonal changes in river discharge cause a
proportional change in the electrical cdﬂductivity (EC) from as low as ~200uS during -
high flow to greater than 900pS during low flow (Fig. 5). Also, EC decreases

.downstream along the entire length of the Missouri River.
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Figure 5. Electrical conductivity decreases when Missouri River discharge increases
at the Howard Bend Plant. The large variation in conductivity is unusual for big
rivers and suggests that baseflow has a distinct chemical source.

An importanf element to tracing the source of water quality requires some method of
predicting wafer mass transport in a river system. In particular, a quantitative basis is
needed for assessing the source of water in order to establish water quality origin. Much
of this can be éccomplished by comparing discharge for all major tributaries in the
watershed. However, a simple water quality indicator or isotopic measurement at a
downstream point is more attractive for its prac_ticality. We can assume that many water
quality parameters act consérvatively during transport, and reflect processes that generate
them in their source area. For example, the Missouri Rivef EC»véries with river

discharge, suggesting that concentration is controlled by source. In order to assess the
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sources, the geographic areas contributing to EC need to be understood. In the most
simplest and ideal cases, the EC would be controlled by one source. This is not
necessarily an intuitive hypothesis given the geographic extent and complexity of the
Missouri River system. However, increased flow is commonly associated with spring
run-off, derived from snow melt and precipitation drainage and ideally represents a very
low salt source or dilutant. As a demonstration, a simple test of a single source would be
to compare EC with the inverse of river ﬂow. Upon inspection, the EC and inverse
discharge do not form a strong linear relationship (r* = 0.42), indicating more that one
source contributes. to dissolved salt and a single source niodel for EC is not valid.
Therefore, to gain insight into potential source areas the O)rygen-18 data could provide

good evidence, since it varies with geographic area.

Oxvgen-18 in the Missouri River

§'80 values generated for Missouri River water eollected at the Howard Bend Plant
from 1995-1996 and after March, 1998 (E! Nino) show a stronger inverse linear
relationship with conductivity (Fig. 6). Recall that the §'30 value of precipitation and
runoff varies geographically in continental environments, where values are more negative
for areas of cooler temperature and also with increased distance from the ocean. The
upper part of the Missour1 River watershed incl_udes cold alpine environments of
Montana and Wyoming, whose annual snow packs provide much of the reservoir storage
in the upper river. Snow melt water typically has low 5130 values (-12 to —19 per mil),
and values have been reported for the upper Missouri between —15.8 and} —17.6 per mil,

the Yellowstone River at —17.7 per mil, the North Platte River between ~15.4 and -16.1
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per mil, and the Missouri River at Fort Randall of —13.8 +0.7 per mil (Coplen and

Kendall, 2000).
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Figure 6. A good inverse correlation exists between conductivity of Missouri
River water and its 5'%0 value. Lower 8'30 values correspond to upper watershed
sources, which have higher dissolved salt content. This trend was disrupted
during the 1998 El Nino event.

Below the main stem reservoirs, the tributaries to the Missouri River drain lower
elevation watersheds whose §'30 values will be less negative than that derived from
Montana or Wyoming. For example, for the lower Platte River near the town of
Louisville, the average §'°0 value has been reported at —9.1 £1.5 per mil '(lCoplen and
Kendall, 2000). In the lower Missouri River, average 8'80 values ranged from —6.1 to
—6.8 per mil in smaller tributaries (Frederickson/and Criss, 1999; Coplen and Kendall,
2000).

The 8'30 value of the Missouri River at Howard Bend varies during the yéar from less
than —13 per mil to greater than —7 per mil. This is consistent with discharge derived from
either the upper watershed, lower watershed, or a combination of both. The exception to

this is that during the winter, cold arctic storms produce regional precipitation (typically
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as snow) with low 830 values (less than —10 per mil) in the lower watershed (see
Fredrickson and Criss, 1999). Nevertheless, a‘ Simple_ two end-member approach (i.e.
upstream versus downstream) is adequate for interpreting the 8'80 observations at
Howard Bend. Likewise, since fhe §'30 data show a good inverse correlation with EC, a
simple two end-member approach also explains the source of dissolved salts in the
Missouri River.

From Figure 6 it is logical to suggest that EC may be primarily controlled on average
by two different salt sources. This may be a rﬁore plausible case for the simple reason
that the Missouri River is characterized by an upstream component that has a semi-arid to
temperate climate, and a downstream component that is temperate to hﬁmid. Mean daily

discharge nearly doubles between St. Joseph in northwest Missouri and Howard Bend in

southeastern Missouri.

Geographic Separation of Discharge and Water Quality

An alternate test on a two end-member source entails segregating the water quality
data in terms of mass discharge. For example, we can separate the discharge measured at

Howard Bend into an upstream and downstream component by recognizing

x. -Pher=Dsy
Her =
D
Her

where Dyg; is the measured discharge at an upstream “point, Dy, is the measured discharge
downstream at Hermann, MO, and Xp,, is the fractional amount of discharge contributed

between those two points. If a simple two end-member model for water quality is valid,
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then a comparison between a water quality parameter and the fraction of discharge (X)
from either upstream or downstream. should result in a linearized relationship.

The fraction of downstream discharge (Xp.,) was calculated from daily mean flows at
St. Josephs and Hermann from 1995-1999. The daily mean discharge values measured at
Hermann were offset four days in order to appropriz;tely pair them to the St. Josephs data, -
since discharge has approximately a four day travel between these two locations (Criss et
al., 2001). Calculated fractions of downstream flow are plotted against EC and 8'*0 in
Figures 7a and 7b. The correlation between daily EC measurements and the fraction of
downstream flow is linear (R? = 0.62). The relationship between the fraction of flow and
8'%0 is not as well constrained. This is likely due to complicating factors such as
anomalous 8'%0 storm events (e.g. wintertime) that locally produce large discharge
events either upstream or downstream. Nevertheless, the variation in EC appears to be
strongly driven by the amount of upstream flow. The linear extrapolation through the data
sﬁggest that an end-member EC'(XHer= 0)is 838uS, whereas a downstream source (Xer

= 1) is 219uS. Monthly average EC and discharge.values improve the linear correlation
(R2 =().82), which can facilitate reliable salt load calculations (Criss et al., 2001). The
daily and monthly EC values are far better constrained by separating discharge into )
geographically controlled flow components rather than simple comparisons with
discharge at a single point.

Monthly average concentrations of water quality parameters collected at Howard Bend
also show linear correlation with the fraction of downstream flow (Figs. 8abc). These
include cations of Ca, Mg, and Na (R = 0.70, 0.65, 0.89 respectively), anions of HCOs3,

S04, and F (R = 0.67, 0.87, 0.84 respectively), and DOC (R? = 0.63). Other constituents
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Figure 7a and 7b. The fraction of downstream discharge X correlates linearly with the

conductivity and 8'0 of the Missouri River water, indicating two principle sources of
inorganic water quality.

such as NO3, Cl, K, turbidity, and microbiology showed poor correlation to the fraction
of flow. In these cases, either more thah two sources contribute these constituents to
discharge measured at Howard Bend, or in-stream processes are significantly changing
their concentrations. For example, turbidity requires a settling velocity term to accurately
describe its transport, whereas dissolved constituents move with the water unless retarded

by some chemical reaction.
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Figure 8abc. The fraction of downstream runoff correlates with
monthly average inorganic ions contributing to conductivity. The
monthly average DOC concentration also correlates with the Xy,
parameter, suggesting a simple two source model for its origin.
Exceptions “are baseflow (January only), where groundwater
discharge may influence concentration, and during El Nino DOC
was unusually low.

Dissolved Organic Carbon (DOC)

The correlation between the fraction of discharge and DOC (Fig 8c) is a key result in

this study and some details of this correlation need clarification. For example, DOC
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concentrations for the El Nino period of 1997-1998 were unusually low and were not
included in the linear regression. It is still unclear why the DOC was low during this
period, although an unusually steady baseflow period persisted from June, 1997 to
March, 1998, and the spring runoff pulse in 1997 was fragmented and not persistent.
However, the total discharge over the year, and also from March through July of each
year, was similar between El Nino and non-El Nino years. The monthly average DOC
values from b‘efore El Nino (1995-1997) show a stronger correlation with Xygr (R2 =

- 0.78), and an equally strong inverse correlation with EC (R* = 0.80). Also separated from
the linear regression of Figure 8c are DOC values for J anuary of each year thai is plotted.
This month is always marked by a minimum baseflow period, and DOC ‘v.alues
unpredictably vary probably due to groundwater contributions.

Even though monthly average DOC correlates to fraction of discharge, the daily values
show a poor conelatioﬁ. This suggests local effects control the instaﬁtaneous DOC
concentration, which may include 1) various local geographic sources contributing short-
term DOC loads, 2) algal blooms, 3) rainfall and runoff intensity, and 4) season. Giyen
these as addi;cional variables cdntributing to DOC on a daily basis, they still represent
secoﬂd-order variables in regards to major sources of DOC. In paﬁicul’ar, since the DOC
monthly averages correlate to the fraction of downstream discharge, regional geography

represents the first-order control on DOC source.

DOC Concentration and Humic Content

Ten samples of Missouri River were collected at Howard Bend over the course of one

year for detailed isotopic analysis of DOC (Tablel). In particular, the "¢ and PC
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abundance were measured on the DOC and the humic fractions isolated for some
samples. The DOC concentration was measured both by LLNL and the City of St. Louis,
and analyses agree well (£0.25mg/L)

The DOC concentration varied from <3 mg/L to >5 mg/L among the ten samples. The
lowesf concentration was in late summer of 1997 during a long baseflow period. Highest
concentration was during spring runoff in 1998. The DOC concentrations of these ten
samples show little correlation to daily discharge in the Missouri River. Typically, the
DOC concentration is higher on average during the spring to early summer corresponding
to seasonal snow melt and rain storms (Fig. 9). Instantaneous DOC concentrations do not
form a simple linear correlation with discharge, and during the period for which these ten

samples were collected (El Nino), the DOC concentrations were unusually low.
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Figure 9. Monthly average DOC values generally follow monthly stage (and
discharge) of the Missouri River at St. Louis. Daily values show a more poor
correlation.

The humic content was determine on 6 of the ten samples collected by using non-ionic

resin techniques (XAD-8) already outlined above. The humic content ranged between
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43% and 61% of the DOC. The lowest were during September, 1997 and February, 1998

during low flow periods. The percent humic content did not correlate with the fraction of

downstream discharge (Xuer). The humic fraction was dominated by fulvic acids, as

indicated by low humic acid yields after acidification of XAD-8 eluates. Low

concentrations of humic acids are typical for river and stream humic substances

(Malcolm, 1985), whereas humic acid is the dominant humic substance in soil organic

matter.

Radiocarbon of DOC and Humic Fracﬁons

The '“C content of DOC was measured on all ten samples collected and ranged from

115 pme to 94 pmc (Fig. 10). The highest values were in September, 1999 and February,

1998. The lowest '“C content was in the sample collected in January, 1998. The variation

in "C content did not correlate with river discharge, the fraction of downstream

discharge, or DOC concentration.
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Figure 10. The 4C abundance in DOC and humic- fractions of DOC show variation
during the course of one year that do not correlate to discharge. The humic fractions are

distinctly older than the bulk DOC..
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Of particular note, however, is a correlation between the 14C content of DOC and the
ratio of humic substances to DOC (Fig. 11). In this case, the 'C content of the DOC
decreases with increasing humic content. This indicates that the humic substances have
an older mean age than the DOC, as also seen in the fulvic and humic acid fractions (Fig.
10). Providing that the data relation varies on a linear scale, the regreésion suggests that
for a given DOC with no humic content (Hximic/DOC =0), the '*C would bé 140 pme,
whereas if the DOC was 100% humic (Humic/DOC = 1), then the ¢ would be 6‘3 pmc.

These postulated end-member 14C values are not inconsistent with environmental levels

of fallout radiocarbon, or with mean ages of soil organic matter (e.g. Trumbore, 1993).
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“Figure 11. The "C abundance of bulk DOC inversely correlates with the
fractional amount of humic content, indicating the humics carry the older
radiocarbon signature.

The '*C of the 6 fulvic acid fractions isolated varies from 99pmc to 87pmc, where 4
humic acids measured range from 94 pmc to 67 pmc (Fig. 10). The 14C content of the
fulvic acid fraction shows the most remarkable linear correlations with electrical

conductivity and the fraction of downstream discharge (Figs. 12ab). These parameters are
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both indicators of water source in the lower Missouri River, and given their excellent
correlation with the l"‘C of fulvic acids, suggests that the latter transports conservatively
with the water. The soufce of fulvic acids are distinguished by their 14C variation. Recall
from the previous discussion that the mean electrical conductivity of upper Missouri
River discharge was 838 uS,_ where lower Missouri Rivef runoff averaged 219uS. Using
the linear regressioﬁ in Figure 12a, the 14C of the fulvic acids for these end-members are
respectively é3pmc and 122pme. This indicates the mean age of the upper Missouri River

humics is much older than that of the lower Missouri.

100 F

4C Fulvic Acids

g8 [

| " y=122.18-0.047358x K= 096088
SR TR PN FEEWE AN R PR SN S U E U

84 —
400 450 500 550 600 650 700 750 800 ¢ 02 04 06 08 1
Conductivity (uS) X

— y=84272+24.425x R=0.77813
P BT | 1

P B IVt

Her

Figure 12ab. The '“C abundance of the fulvic acid fraction of DOC is highly correlated
with the conductivity of Missouri River water, and also correlates well with the fraction

of downstream discharge.

Geographic Significance of Humic Radiocarbon

Recall that the climate 1s VariaBle within the Missouri River watershed. The lower
Missouri is dominated by southern deciduous woodland vegetation and has a temperate to
humid climate with mean annual precipitation averaging ~40in/yr. The upper Missouri is
mostly mixed prairie grassland of more arid and seasonal climate with mean annual
precipitation averaging ~20in/yr. The headwaters of the Missouri River are the eastern

Rocky Mountains of Wyoming and Montana. Vegetation in these arcas is mixed alpine
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forest. Annual precipitation is mostly as snow. Most of the snowmelt is impounded
annually in five large reservoirs operated by the Army Corps of Engineers on the upper
Missouri River. The reservoirs’ storage likely contribut'es to evaporation, which increases
conductivity of upper river flow. |

Climate and vegetation control the quantity and character of dissolved humic
substances in the river water (e.g. Thurman, 1985). This is due t§ the fact that fglvic and
humic acids represent the most soluble fraction of éoil organic matter, which is the largest
pool of humic substances in the aquatic eﬁvironment (Malcolm, 1985; Aiken and
Malcolm, 1987). The different vegetative regimes in the Missouri River watershed are
controlled by the variable climate, which results in different soil types. For example,
woodland forests like the lower Missouri River area have relatively high primary
productivity rates. Carbon turnover in the ecosystem can be large and high precipitation
rates contribute to annual soil flushing. Deep root systems contribute to appreciable
weathering of soils and likely reduce their organic matter retention capacity. Annual leaf
litter produced from deciduous trees also contributes to DOC and modern 1C in the river,
which can have soiuble components with humic character (i.e. hydrolyzable tannins, see
Wershaw et al., 1996).

In the grassland dominated region of the Missouri River, the soil organic matter
content can be significantly higher. It results mainly from the annual growth of natural
grasslands, where spring warming and aerial precipitation Confribute to an intense
growing season. As temperatures warm and precipitation tapers back, grasses decrease
productivity. They CVen;cually die back as temperatures cool. The lower precipitation rates

limit the amount of leaching of residual organic matter, and likely reduction in microbial
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degradation. Also, grasses have shallow root structures and do not create a deep and
weathered soil profile. This increases the soil reténtion capacity for organic matter and
slows turnover times by reducing its solubility. This could explain the lower average
DOC concentration in discharge originating above St. Josephs, MO. Most importantly,
the carbon retention in the soils together with lower NPP contribute an older humic

substances to upper watershed discharge. -

Relationship Between Humic Radiocafbon and Climate

To further test the hypothesis that the 14¢ of the fulvic acids in Missouri River water
were controlled by climate differences in the watershed, several samples of humic
substances were collected from different ri\;ers throughout the western hemisphere and
measured. These were kindly provided by Jerry Leenheer at the US Geologic Survey,
Denver, and represent the hydrophobic acids (fulvic + humic acids) isolated from each
river sample. River samples ranged from equatorial regions of Venezuela to polar sites in
Alaska. Also, oné humic '*C value was extracted from Hedges et al. (1986) measured on
DOC in the Amazon River.

Bomb-pulse concentrations were observed for eqliatorial samples in the Amazon River
and the Temi River of Venezula (Fig. 13). Bomb-pulse was also observed in hufnics
collected from semi-tropical climates of southeastern Georgia (Suwannee River), and in
southern Louisiana (Lake Calcasieu). The San Joaquin River humics of central California
(discussed later) also had modern carbon, along with two high latitude samples collected
from the Kenai Pénnisula (Hidden Lake Creek) and the North Slope of Alaska (Sagav.

‘River). The Missouri River at St. Louié, MO was variable as already shown, ranging from
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87 to 9§ pme, depending on the timing of the sample. The humics in Clear Creek, a small
stream draining the eastern Rockies in central Colorado, was 85 pmc. Lastly, two samples
were collected from eutrophic lakes of central Nebraska (Island Lake) and western
Nevada (Big Soda Lake). Their 14C was 87 and 77 pmc,.respectively.

Mean radiocarbon ages of dissolved humic substances in these surface waters
throughout the western hemisphere form a i)ositive corrélation with local mean annual
precipitation (F ig. 13). Mean annual precipitation is a simple first-order measure
(exponential curve fit) of net primary productivity in terrestrial ecosystems (Schlesinger,
1997). Bomb-pulse ages are consistently observed for dissolved humic substances in
humid to tropical climates, whereas temperate to semi-arid climates mean ages can be up
to 1500 years old. The established similarit}; between riverine dissolved humic substances
and degradation products of terrestrial vegetation in soil and plant litter (e.g. Wershaw et
al., 1996), suggest that the age-climate correlation is linked to the rate of local primary
productivity. However, the range in observed ages indicates a significant retardation
before solubilization of dissolved humic substances into rivers and streams, which is
likely controlled by the extent of weathering and carbon sequestration capacity of soil
- (e.g. Torn et al., 1997). The correlation indicates that the mean age of the humic fraction
of DOC in rivers increases with decreasing netbprimary productivity. éince the
hydrophobic acid fraction of DOC (humic substances) is predominantly soil derived, the
correlation indicates that soil carbon storage rates likely dictate the humic and 1C content
of the stream DOC. In detail, in equatprial tropical regions the 1C content is bomb-pulse
as shown by Hedges et al. (1986), with a mean age <40 years, and DOC content (and

humic content) is high. In temperate to semi-arid regions, the Hc content of the humic
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fraction has little bomb pulse. Calculated mean ages are as old as 1500 years. Also the

humic content and the DOC concentration are much lower than in tropical rivers.

RO . 7
i Suwannec_a R . Amazon R. ~
o> 120 ' L. Calcasieu s Temi R. ;
E Hidden .
- Lake Cr~ ' ]
g 110f o *e SR ]
g O . —-San Joaquin R.
Z 100 :Eutrophic "‘ °
2 | Lakes N
£ T
2 90} ~
@, [ ee. ]
S - % 1.
80 r Q Clear Cr. §
T y=53+83*%e"”") R*=0.84 ]
70 & ST

0 20 40 60 80 100
Mean Annual Precipitation (inches)

Figure 13. The "C abundance of the hydrophobic fraction (humic
substances) of DOC in several rivers correlates well with the mean
annual regional precipitation from each sample location. The
abundance is also likely related to relative solubility rates of soil
carbon entering the rivers.

In general, the 14C content correlates §vith net primary productivity of regional
ecosystems as suggested by the mean annual precipitation.\ However, the range in mean
ages suggested by the 14C content (factor of 40) are far greater than the range in net |
primary productivities measured in these environments as well as the mean annual
brecipitation. Furthermore, it is also known that the pontent of soil organic matter is quite
variable among these environments. In tropical regions, the soil organic matter is
appreciably lower in temperate regions. Factors such as highly weathered soiis deﬁcient
in divalent cations, intense microbial actions, frequent rain, and high productivity

contributes to the flushing or re-incorporation of DOC into the ecosystem. As already
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illustrated for the Missouri River, temperate to semi-arid regions have less weathered soil
profiles, lower productivities, and less frequent soil-flushing. This contributes to higher
soil organic content and longer storage or turnover times into the aquatic environment.
This is particularly prevalent in grassland regions. Soil weathering may be the most
significant control on carbon storage in addition to net primary productivity. Less
weathered soil is more abundant in divalent cations, which sequester humic substances.
In humid to t%opical region, soils are depleted in divalent cations, which contributes to
rapid flushing of soil organic mattér, lower storage times, and high humic substance

content with large nominal size (Aiken and Malcolm, 1987).

Carbon-13 Content of DOC and Humic Fractions |

The 8'°C value was analyzed on the same samples as the 14C. The 8'°C value of bulk
DOC changed approximately 2.5 per mil over the course of one year (Fig. 14). The
lowest values were during the wintertime at near baseflow conditions, whereas high
values were associated with warmer periods a;ld higher flow. Note that the 8'C of the
DOC somewhat parallels the annual temperature cycle in the Missouri River, where
lower temperatures correlate with more negative values (Fig. 15). The 813C of the DOC
does not correlate wich VI4C or the humic fraction of the DOC as seen for the '*C. This
suggests that the 3'1*C ‘is controlled by a process somewhat de-coupled from that
controlling the '*C. The §'3C values of the fulvic acid are consistent with previous
observation (Thurman, 1985).’The fulvic acid fraction does not vary to any significance

among the samples measured. This suggest that these solublé humic fractions, likely
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originating from plant litter or soils in different parts of the watershed, are not controlled

plant sources with C3 and C4 metabolic pathways, as suggested by Bird et al. (1992). The
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Figure 14. The §"3C value of bulk DOC varies over 2 per mil during the course of one year,
consistent with but of lower variability than POC observed by previous workers (Bird et al,,
1998 and Barth et al., 1998). The humic fractions show only minor 8"3C variations
suggesting that the bulk $'3C variations are not linked to vegetation type, but rather algal
production.

5" C of the humic acid fraction (typically <10% of hydrophobic fraction) is much higher
and also shows little variation among the samples measured. The humic acid values are
similar to high 8'3C values measured in decomposed forest soil organic matter

N adelh‘offer and Fry, 1988). The 8! C of humic acid and their low concentration in the
water are consistent with humic acids having low solubility and being closely associated
with soil organic inatter (e.g. Stevenson, 1985).

The small 8'>C variation in the humic fraction of the DOC indicates that most of the
seasonal variability of 8'°C is in the non-humic portion. This and the close relation of the
§'3C variation to water temperature suggest that this non-humic portion comprises

variable amounts of soluble detritus originating probably from algal material. To
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Figure 15. The 8">C of bulk DOC in the Missouri River varies closely with water
temperature, suggesting a relationship with autochthonous sources of DOC.

determine if the amount of DOC originating from algal material is plausible, a mass
balance equation is constructed to calculate the ratio of algal DOC to total DOC. It

follows that this ratio can be defined by

13

non - alg + DOChm 513C _si3c
DOC hm tot
alg _ DOC, ——
DOCyy; st -5
alg non - alg

where subscripts alg, non-alg, tof, and Am refer to, respectively, algal component of
DOC, non-algal portion of non-humic DOC (e.g. low molecular weight acids), total
DOC, and the humic substance portioﬁ of DOC. If we assume that the ES”Cmg is —23 per
mil (Thurman, 1985), and the 8" Cpon-alg is —28 per mil, then DOC,/DOCq ratio can be

| calculated. Results are plotted against the fraction of humic content in Figure 16. The
highest algal DOC ratio is for a sample collected in late summer at near baseflow
conditions. This sample was collected when upstream ciischarge comprised 88% of the
flow (Xger = 0.12). At baseflow in mid-winter, when algal production is anticipated to be
minimal, the mass balance suggests algal DOC should be nearly absent. The remaining

samples represent late winter to early summer runoff. The linear inverse correlation in
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Figufe 16 has a y-intercept of nearly 0.5, suggesting that end-member, the water could
have nearly half its DOC from algal origin and absent of humics substances. This end-
member may be realistic for shallow reservoir water (e. g above thermocline) in the upper
watershed during the summertime, but more than likely the Missouri River channel itself
does not have the requisite surface area to supply this fixation capacity and also be free of

humic substances.
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Figure 16. Algal DOC was calculated by mass balance using the
DOC concentrations, humic fraction and the 8BC values. The
highest and lowest algal content correlate to summer baseflow and
winter baseflow, respectively.

Results and Discussion on Other Midwest Rivers

Rivers and Springs in St. Louis Area

St. Louis was an ideal location for field collection for a variety of river samples.
Within an ~50 mile radius, the Missouri River, Mississippi River, Illinois River, and the
Meremac River, draining central Missouri, could be sampled in one day. Quarterly
samples were collected from these sites anng with field parameters, and analyzed for

DOC, 530, §"*Cpic, “Coic, 8"*Cpboc, “Cpoc (Table 2). Additional samples were
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collected during spring runoff, one time only, for several small rivers in central Missour,
some of which are tributary to the Missouri River. In addition, the Missouri River at St.

J Qseph, MO and the Kansas River at Kansas City was collected. Lastly, two spring waters
from the Meremac River Basin (Meremac Spring and Rockwood Spring) were collected
for analysis of local groundwater.

River water in the St. Louis area had variable conductivity over the course of one year,
with the Mississippi River showing only moderate change. The upper Mississippi drains
Minnesota, Wisconsin, most of Iowa, and northern Missouri, representing a region with
less climate variability than occurs in the Missouri River Basin. Furthermore, geologic
exposnfe is less diverse in the Mississippi River, which likely reduces geographic
variability in differential rock dissolution. Also, the lack of major reservoirs on the
Mississippi reduces evaporative enrichment of the river water.

The Illinois River shows a large variation in conductivity similar to the Missouri
River. However, the Illinois River has a much smailer watershed (29,000mi2), and is

- dominated by agriculture, representing the heart of the mid-western corn-belt. The high
conductivity suggests dissolved salt enrichment within the basin.

The Meremac River is a groundwater-dcrninated flow draining predominantly
Paleozoic-age carbonate rocks with karst-type erosion. Meremac Spring is a first
magnitude spring flow and forms the headwaters of the river. The conductivity was
modestly variable, due mostly to changes fronl groundwater input (see Fredrickson and
Criss, 1999). .

The variability in DOC and 8'80 was similar to the variability in conductivity among

these rivers. The DOC varied 1.2 and 5.1mg/L with the lowest in the Meremac River at
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baseflow, which was similar to Meremac Spring. The 8'30 in the Mississippi River
changed modestly, but due to lower mean elevations in the watershed, varied less than the
~ Missouri River. The Illinois and Meremac Rivers showed only minor changes. Storm
flows have been shown to only modestly perturb the 5'30 of Meremac River water due to
high groundwater discharge (Fredrickson ands Criss, 1999).

The &' CDI? of St. Louis area rivers are consistent with previous measurements on
similar rivérs in the northern hemisphere (e.g. Hitchon and Krouse, 1972), suggesting
limited atmospheric exchange, indicated by the moderately low values between —4.5 and
~12.9 per mil. The lowest value was actually measured in the Mississippi River above St.
Louis (i.e. Winfield Ferry). This occurred during high flow in March, 1997. This sample
also had a low 4Cpic value of 85pmc, suggesting a large groundwater contribution to
discharge. Low flow é.nd summertime samples in the Missouri and Mississippi Rivers
showed higher 13 C and 'C values, presumably from modest atmospheric exchange. The
Illinois River was less predictable, since the 14C was low during the summer and hlgh in
the fall. In the Meremac River, the °C and 14C showed a linear correlation (R*=0.94),
reflecting differeﬂt grouﬂdwater input. Groundwater in the carbonate rocks in this basin
should show increased 8" Cpic and a simultaneous decrease in 14C|$1c as it geochemically
equilibrates with the rock (i.e. 8">C ~0 per mil, “C=0 pmc).

The 8"*Cpoc and "Cpoc values, for river samples measured, consistently show young
carbon sources with post nuclear-age carbon input (i.e. >100pmc), and have C3 plant
8'13C values. The excef)tion is the Kansas River sarﬁpled in April, 1998, which had a
higher §13Cpoc value (-22.5 per mil) observed in all other rivers, and hints at a possible

C4 contribution (e.g. grass). The lower ¥ Cpoc value of Missouri River at Lewis Bridge
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collected in March, 1997 (97pmc) is an exception to younger carbon sources, but as
outlined above, low values would be periodically expected in this river. The other rivers
drain basins that are presently, or previously were, dominated by deciduous forest, where

higher soil carbon turnover is expected.

Other Rivers in State of Missouri

Two obse&ations worth pointing out for these samples are the high DOC
concentrations for small rivers sampled during spring runoff in central Missouri. Note the
concentration ranged between 5.8 and 8.4mg/L; Note also the low conductivity numbers
ranging from 128 to 309uS. The high DOC concentrations and low conductivity values
for these rivers are consistent with the trend in the lower Missouri River, where increased

DOC and decreased EC correlate with increased downstream runoff (i.e. Xygr; see Figs.

7a and 8c).

Results and Discussion on California Rivers

Elevation and Climate Control on Water Quality -

Sample locations and descriptions for Califorina Rivers are listed in Table 3, and all
the measurements performed are in Table 4. California is bordered on its eastern side by
the Sierra Nevada Mountains, rising greater than 14,000ft in some places. The annual
snowpack supplies the majority of the water used in the state. Annual precipitation varies
from ~10in/yr in the Central Valley to >90in/yr as snow-water equivalent in the
mountains. As a result, there is a distinct contrast in the dissolved salt content between

the upper and lower watersheds of California rivers (Table 4 and Fig. 17a). Electrical
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conductivity of surface runoff in the upper watershed is normally below 100uS, while in

some areas of the lower San Joaquin River drainage, conductivity can exceed 2000uS.
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Figures 17abc. The dissolved salt content, measured as electrical conductivity, 8'®0 values, and 5°C values
of California surface water varies as a function of elevation. Upper watershed runoff has low conductivity
and low 3'%0 due to high annual precipitation. The 8°C is high in the upper watershed because of low DIC
concentrations and likely partial equilibration with atmospheric CO,. Lower watershed runoff accumulates
dissolved salts from soil flushing and decreases in 8" °C due to increased respiration sources. The low §'°0
values of lower watershed runoff still reflect high elevation sources.

The 8'%0 value of surface water is strongly controlled by elevation in California, due
to the steep topbgraphic gradients and storm fronts from the Pacific Ocean that rapidly
rise and precipitate moisture (Freidmah et al., 1971; Ingraham and Taylor, 1991). The
8'%0 value of upper watershed runoff in California is always depleted in 8'%0 and falls
below —12.0 per mil (Fig. 17b).‘ Lower wat_érshed runoff can range from depleted to
enriched values. This is due to the fact that most major river flows in the lower
watersheds originate from reservoirs storing high elevation, 8'30-depleted runoff. The
exception is surface flows originating from the Coast Range (e.g. Cache Creek and Putah
Creek), where elevations are much lower and the closer proximity to the Pacific Ocean
preclude depleted 3'%0 values in precipitation.

Ten samples of each major river flow draining the western Sierra Nevada Mountains

were collected over the course of one year (Table 5). Sampling points were all located
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above major storage reservoirs in order to measure 830 values of runoff without the
effect of evaporation. Average 8180 values of each runoff source are compared to the
mean elevation above the sampling point (Fig. 18).‘ A strong linear correlation is
expected, since 8'80 of precipitation follows a prescribed variation with increasing
elevation (e.g. Ingraham and Taylor, 1991). In fact, the linear correlation among the

runoff data closely matches a predicted 8'80-elevation line derived by Rose et al. (1996).
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Figure 18. Mean annual 80 values for runoff sampled above major
reservoirs on the west side of the Sierra Nevada are highly correlated
with elevation, and provides a meaningful fingerprint to runoff source.

The low electrical conductivity of upper watershed runoff is also reflected in the 8- C
values of DIC. Even though the upper watershed experiences a greater mean annual
precipitation, the flux of inorganic carbon from soil and aquatic respiration is limited..
The DIC greatly increases downstream in the lower watershed, where soil water

contribution and in-stream respiration likely increases. The effect of overall respiration
can be seen qualitatively by the 8'3C values of the DIC (Fig. 17¢). The upper watershed

values commonly are above —10 per mil or higher, while the lower watershed is as low as
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“—12 per mil. This is the same general range in 8'3C values observed by Aucour et al.
(1999) for the Rhone River system.

The major river flows directing surfa;:e water to the Delta are the Sacramento and the
San Joaquin rivers. The Sacramento River by far exports the greatest amount of surface
runoff, having a watershed >25,000mi2, while the San Joaquin is ~12,000mi2. The mean
annual discharge of the Sacramento River, measured below the City of Sacramento, is
24,500cfs Witifl runoff exceeding baseflow by nearly an order of magnitude. Average
annual precipitat_ion in the Sacramento River watershed (36.1in/yr) is 30% greater than
that of the San Joaquin drainage (27.3inyr). Consequently, the measured discharge at the
lower end of the Sacramento River is nearly 10 times greater than that of the San J oaquin‘
River (Fig. 19a). Furthermore, the electrical conductivity of the San J oaquin River can be
four times greater than the Sacramento River (Fig. 19b). This dispréportional increase in
San Joaquin River conductivity occurs along its lower stem through the northern San
Joaquin Valley (see below).

The Sacramento and San Joaquin rivers intersect in the Delta region and combine their
flows with the two moderate discharges of the Mokelumne River and the Consumnes
River. The extent of mixing within the Delta varies greatly with time and space. In
general, when Sacramento River flows are high, low salinity water penetrates southward
in the Delta, while at baseflow, when pumping demands for the California équeduct are
high, more saline water migrates northward. The intrusion of seawater into the Delta via

| the San Francisco Bay has been a long-standing concern, particularly during baseflow
and droughts. The variable conductivity due to seasonality and changing flow can be seen

in the Middlé and Old River data of Table 4. Conductivity alone cannot be used as a
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criteria for distinguishing Sacramento from San Joaquin River contributions, since

seawater and agricultural irrigation discharge within the Delta also contribute dissolved
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Figure 19ab. Discharge in the lower Sacramento River is nearly an order of
magnitude greater than in the lower San Joaquin River, due to a watershed twice as
large and 30% more annual precipitation on average. This disproportional increase
in the San Joaquin conductivity is due to agricultural practices in the lower
watershed.

salt. At baseflow, the $'80 value of the lower Sacramento and San Joaquin rivers differ
by only 0.5 per mil (see data from 9/97), and this suggests distinguishing mixtures of
these fwo sources in fhe Delta is not realistic using this particular isotope measurement.
The DOC, 813CDOC, 14CDOC measurements of California Rivers are consistent with
mid-western rivers with a few exceptioﬂs. For DOC, concentrations ranged from 1.2 to
9.0mg/L. The low value was in a creek draining the Coast Range (Corral Hollow Cr.),
whereas the highesf was measured in the San Joaquin River at high discharge. The latter

value is unusually high for a larger river, and was distinctly higher than the Sacramento
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River at high discharge (e.g. 4.6mg/L). The San Joaquin has lost considerable natural
wetlands over the past 100 years, but remaining soils naturally high in organic matter
may contribute to these high DOC concentrations. The 8> Cpoc values of all rivers
measured are all consistent with C3 plant sources, ranging between —24.3 and —26.7 pér
mil. |

Most of the MCDOC vzihies were consistent with modern carbon sources. The
exceptions arc;, baseflow samples of Cache Creek and the Old River. Cache Creek drains a
'Coast Range watershed north of the Delta, and has one natural and one man-made
reservoir in its upper watershed, totaling 0.33 million acre-ft of storage capacity. The
river supplies summer irrigation water for the west -side of the lower Sacramento Valley,
and agricultural return flows to its channel are common in the summertime. The baseflow
sample had a distinct algal-green color. Nevertheless, the low "Cpoc value (89pmc)
suggests an old source of carbon. This old carbon may be consistent with old soil carbon
leached during agricultural irrigation that was préferentially incorporated in the creek
discharge. The Coast Range and western Sacramento Valley have a similar climate to the
| idwer elevations of the upper Missouri River, with the exception that snow does not
accumulate in the Wintér.

The "*Cpoc value for the Old River was >150pmc. This value is unusually high and
may suggest a point source. No potential source could easily be identified. A follow up
measurefnent during runoff in February, 1998 showed a more typical MCpoc value of
108pme. The Old River is a natural extension of the San J oaquiﬁ River, forming the
western-most river channel in the Delta (Fig. 3). This river is the predominant drinking

water source for Contra Costa Water District.
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Spatial Variation in Water Quality and Isotopic Values

High conductivity water in California rivers are isolated to those draining the Coast
Ranges and small diversions in the lower San Joaquin River basin. Most notably, Putah
Creek and Cache Creek drain the Coast Range north of the Delta. Putah Creei( 1s dammed
in the upper watershed with a 1.6 million acre-ft storage capacity. It serves as an
irrigation watér suppiy for southern Yolo Countsl and a large portion of Solano County,
located directly south of the creek channel. Agricultural return flows are also common in
this creek, as indicated by a high nitrate concentration of ~38mg/L as nitrate. The Coast
Range comprises mostly Jurassic to Tertiary-age marine and ultra-mafic rocks, that have
been previously recognized as high salt sources (e.g. Presser and Swain, 1990), albng
with anomalous svaline spring diséharges (e.g. Davisson et al., 1994). Los Banos Creek, -
Mud Slough, and Salt Slbugh all drain lower San Joaquin Valley agricultural areas with
naturally high salt levels in soils. The high dissolved salt content of these small flows
correlate also to high nitrate levels. Naturaliy high nitrate levels may occur in these soils,
but the profusion of nitrate-based fertilizers in agriculture have been shown to have é
direct impact on nitrate levels in regional groundwater (see Davisson and Criss, 1993 and
Criss and Davisson, 1996).

Most of the entire length of the Sah Joaquin River was collected in the spacé of few

~days in the fall of 1997 during baseflow. The change in water quality parameters from the
upper to lower watershed is dramatic. For example, the conductivity varied from ~5 6pS>

in the Sierras to >850pS just before the river enters the Delta. The 8'0 and nitrate values

have similar changes (Fig. 20a). The low 8'®0 value and nitrate concentration in the
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upper watershed is consistent with snowmelt runoff, while drarnatié jumps in their values
_about 60 miles downstream correspond to agﬁcultural areas of the eastern San Joaquin
Valley. Both values are at a maximum on the west-side of the valley at ~110 miles
downstream of the alpine sample. The nitrate decreases steeply after this point, with more
gradual decrease in 5'80. These decreases correspond to external water sources (€.g.
California Aqueduct Water) entering the San J oaquiri River to supplemeﬁt flow
réquirements to the Delta. Further dowr;stream, the Merced, Tuolumne, and Stanislaus

Rivers discharge dilute Sierran water into the San Joaquin.
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Figure 20abc. The San Joaquin River along its entire length undergoes dramatic water quality

- change from a dilute, isotopically depleted snowmelt in the Sierra Nevada Mountains (zero distance
downstream) to a high conductivity water with high NOs, Cl, Mo, and U along its highly
manipulated flow in the agricultural areas of the San Joaquin Valley. Uranium and chloride isotopes
both indicate a natural source.

Trace metals measured in the San Joaquin indicate that Pb and Co either have very low
concentration in the high salt source, or their solubility is limited and they are readily

scavanged (Fig. 20b). Molybdenum, on the other hand follows' the same pattern of
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enrichment as the nitrate concentration, consistent with high concentration in the source
and high solubility in river water. Both chloride and uranium are high in the San Joaquin
River and follow the same pattern of enﬁchment (Figs. 20cd). High uranium has been
observed in agricultural ponds in the southern San Joaquin Valley, where it teﬁds to
accumulate in sedimentary organic mafter (Duff et al., 1997ab). The factor of 100
increase in its concentration indicates a high concentration source dispersed along the
length of the iower San Joaquin River. The concentration only drops with the addition of
the dilute tributary rivers downstream.

The 2*U/*8U activity ratios are plotted along side of the U concentrations in Figure
20d. Note that the activity ratios show essentially no change for the entire. range of U
concentrations. Recall from previous studies in the Platte Rivér that with increasing U
concentration there was a concomitant increase in the activity ratio due to inc;easing
groundwater input, whereas during runoff, the activity ratio approached unity reflecting
the uranium source méteriai (Snow and Spalding, 1994). In the San Joaquin River case,
the lack of any appreciable change in the activity ratio over a large concentration range
suggesfs that a siﬁgle source contributes dissolved uraniﬁm to the ﬁver discharge.
Furthermore, this single source muét increase in U concentration along the San Joaquin
drainage, reaching a maximum on the west-side of the valley ~110 miles downstream.
Since the activity ratios are appreciably above 1.0, it is likely that the uranium is derived
from a natural source fathér than an artificial one. It is also iikely soils in the San Joaquin
Valley are naturally high in oxidized forms of U, and the concentration increases towards
the valley center where natural wetlands once dominated and possibly accqmulated trace

metals.
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The 3*Cl/Cl ratios are also presented along side of the Cl concentrations in Figure 20c.
They show a dramatic decrease from essentially modern fallout values (>1000x10™"%; e.g.
Bentley et al., 1986) for low CI concentrations, to values approaching a near 36Cl-absent
source (<10x10°"°; e.g. sea salt) at higher Cl concentration. Such a trend is consistent with
dissolution of natural salt sources. Their probable accumulation in the center of the San
Joaquin Valley were likely related to evaporétion in natural ﬂoodi)lains with limited

outlets.

‘Temporal Variation in Water Quality and Isotopic Abundance

vComparison of isotopic data and water quality measurements between different
seasons and flow conditions in the San Joaquin River suggest a potential tracer approach
for non-point source runoff (Figs. 21abcd). For example, §'80 values of river water vary
significantly during storm flow versus that of baseflow (Fig. 21a). Because of the
elevation effect in 8'%0 of pfecipitation, low elevation rainfall will have distinctly higher
values than precipitation in the mountains that collect in reservoirs. The high 5'%0 value>
seen in the lower San Joaquin River on 1/14/98 (-8.7 per mil) was collected a few hours
after a large storm produced substantial rainfall and runoff (~6200cfs) in the San Joaquin
Valley, and before any reservoir release occurred upstream. Note that this river flow also
had the high DOC concentration of 9.0mg/L (Fig. 21b). Three weeks latef, during another
precipitation event, substantial flow was recorded from resefvoir release in the upper San
Joaquin River and major tributaries, as noted Ey the substantially higher diéchargé rate
(~24,000cfs). The 8'80 value of this water was again low (-10.4 per mil), similar to

baseflow. Note for this sample the DOC was somewhat lower at 6.6mg/L. Therefore, the
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8'%0 is useful as a tracer of surface runoff from local versus regional sources and showed

distinct water quality differences.
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Figure 21abcd. The 8'80 value was significantly higher during runoff (~6200cfs), where
only low elevations contributed a high DOC discharge and reservoirs were not releasing
large flows. The subsequent high runoff event (~24,000cfs) comprised mostly reservoir
releases that resulted in a low 8'®0 value and somewhat lower DOC. The 8*Cpoc
decreased by about 1.0 per mil and was likely related to contribution of upper watershed
DOC from alpine vegetation. This possible change in source was not notable in “Cpoc.

Also measured for these samples was the §*Cpoc and the “Cooc (Fig. 21cd). Between

baseflow at ~2000cfs in the late summer and high runoff at ~24,000cfs in February, the

A, 8'*Cpoc decreased approximately 1.0 per mil. The direction of this change is consistent
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with seasonal change in the Missouri River (Fig. 15). It is possible that the change in
8" Cpoc in the San Joaquin River is related to transport of DOC from the upper watershed
during the high runoff. However, comparisdn of the "*Cpoc in these samples shows no
credible variation within analytical uncertainty, averaging around 109pmc. It is likely that
the source of organic matter has similar turnover both in the upper and lower watershed,
whereas a slight difference in 8'°C of the DOC is all that distinguishes théir two sources

- isotopically. bf further note, DOC from the San Joaquin River collected during high flow
in January, 1997 (Table 4) was fractionated for humic substances and the '*C was
measured (nét in Table 4 but plotted in Fig. 13). ’fhe fuivic acid fraction of this DOC had
a "*C of 103pmc, while the humic acid fraction was 89pmc. The modern *C value for the
fulvic acid suggests a carbon source with relatively high productivity, similar to a
deciduous forest.

One last observation to make is in regards to the low-level methyl-fers-butylether
(MTBE) ‘measurements on river water. Samples were collected mostly during the
wintertime or late spring. In all cases, the MTBE was readily detected at levels close to |
80 parts per trillion for near-pristine discharges like Corral Hollow Creek, or at low part
per billion in the case of the Mokelumne and Sacramento Rivers in May, 1998 (Table 4).
The high levels in surface water are due to non-point contribution from the automobile
exhaust, and because of MTBE’s high solubility, it is readily dissolved in river water at
ten of part per trillion. Higher concentrations are likely due to exhaust from motor-

powered recreational vehicles in reservoirs.
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Findings, Conclusions, and Recommendations to Utilities

This study concludes that water quality data generated by utilities is under-interpreted
in the context of understanding watershed processes. For example, the City of St. Louis‘
depends solely on the Missouri River for drinking water, but due to large variability in
discharge and runoff sources, they are faced with TOC concentrations that vary nearly a
factor of three within a single season. Until this study, the relationship between discharge
and c.oncentraAtion had not been constrained. However, the TOC can be linearized against
the fractional amount of downstream discharge (derived from within the State of
Missouri) and divided into two principle sources. This correlation relates directly to
differences in land use and climate between the upstream and downstream portions of the
river basin.

In addition to using utility water quality data to better understand nonfpoint source
pollutants, non-regulatory type data can be generated to enhance observational
knowledge. Data such as isotopic measurements of water and dissolved constituents can
provide indirect evidence for sources and the processes governing the occurrence and
concentration of non-point source pollutants. For example, using isotope measurements
of carbon-13 on TOC in the Missouri River, we were able to distinguish carbon
originating from algae photosynthesis versus that generated from land plapt material.
Their relative proportions correlated with season and water temperature. We also found
that the carbon-14 abundance of TOC decreased with increasing humic substances,
indicating that at various times TOC comprises older sources of carbon. Humic material
also preferentially forms tri-halomethanes during chlorination, relative to the remaining

portion of TOC. The carbon-14 abundance of humic substances showed a strong inverse- ,v
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correlation to electrical conductivity. This relationship proVided a basis to delineate the
geographic source of the TOC. In addition, the carbon-14 of humic isblates from several
rivers located in tﬁe western hemisphere, representing different climates, positively
correlated with mean annual precipitation, indicating a> strong relationship between
solublization rates of soil carbon and r.egional climate. This may provide a predictive
basis for hurhic sources in watersheds similar to the Missouri River.

The oxygen-18 abundance of surface water from large rivers in Missouri’ and
California can delineate geo graphic. sources of runoff from various parts of the
watershed. The oxygen-18 correlation to water quality parameters was shown to verify
geographic sources of TOC and dissolved salts in the Missouri River. However, during
storm flows or anomalous events such as El Nino, the oxygen-18 shows strong
perturbations from long-term averages. Nevertheless, in large California rivers significant
changes in oxygen-18 abundance during storm runoff can delineate local runoff sources
versus regional ones. This measurement may be useful for predicting storm water quality
related to different geographic land uses.

It is recommended that for utilities relying on water from large rivers that they begin to
independently or cooperatively assess water quality data from other sources in the
watershed and integrated into their own. Tﬁe data assessment should recognize the
substantial influence that regional climate and its intra-variability within the basin has on
water quality. Delineating natural versus man-made water quality effects in large rivers
may be further enhanced by interdisciplinary approaches, using expertise in geology,

geochemistry, ecology, and biogeochemistry. This likely will provide a framework for
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“sound science” in watershed management. It would be the responsibility of the utility to
educate this expertise in the relevance of their research to water quality concerns.

Much of the isotopic results shown in this report require expensive and time-
consuming work. For a utility to undertake this kind of work themselves would require
contracting with university or research laboratory scientists. However, the §'*0
measurement has become cheap ($10-$20 e;cxch), rapid (24hrs), and routine, and it is
highly recomrﬁended that they become part of daily to weekly analysis. The data
generated at that frequency would allow delineation of different source water
bontributing to plant intake and its correlation to water quality. In addition, the source of
storm water runoff and its Water quality could also be distinguished by this frequency of
data. The available literature on 8'%0 in the hydrologic environment is abundant, and a
motivated person with a bachelor’s degree in chemistry, engineering, or geology could

easily gain expertise in its use.
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Table 2. Field and Isotopic data for Other Mid-west Rivers

sample EC(us) - pH °c DOC §%0 s“c-poc 5”c-pic “c-pOC 'C-DIC

date mg/L  permil per mil per mil pmc pme
Rivers and Springs in St. Louis, MO Area
Missouri River 3/27/97 390 8.2 11.2 - -10.0 - 1.7 - _ 100
"below Lewis 7/23/97 900 8.0 29.1 - -109 . - -7.3 107 109
Bridge 11/3/97 490 8.3 10.1 - -12.7 - -7.0 - 99
4/14/98 360 8.0 12.4 3.0 -8.7 - -4.5 95 -
10/1/98 444 8.1 23.8 3.8 -7.7 - 9.1 - -
Mississippi River 327197 285 8.1 9.8 - -9.9 -23.4 9.1 108 97
below Clark 7/23/97 495 8.0 30.2 - 278 - <75 - 101
Bridge 11/3/97 300 8.3 94 . - 7.2 =254 -8.5 109 105
4/14/98 346 8.0 S 132 5.1 -8.8 255 -8.9 106 -
Mississippi River 3/27/97 280 8.2 9.1 - -10.0 - -12.9 - 85
Winfield Ferry 7/23/97 475 8.0 30.5 - -7.6 - -8.0 - 101
below L&D 25 7/23/97 485 8.0 30.1 - 7.6 - - - 102
11/3/97 320 8.0 8.8 - 7.5 . - -8.1 - 102
4/14/98 360 8.2 15.7 4.1 S92 - -7.2 - -
10/1/98 402 8.1 23.1 4.4 7.1 - -8.6 - -
Mississippi River 7/23/97 315 8.0 9.2 - <73 - - -
above L&D 25 11/3/97 353 8.0 12.8 - 9.0 -25.6 -8.6 - -

A 4/14/98 - - - 49 - - -8.6 - -
Muississippi River 7/23/97 300 8.2 93 - <73 - - -
betow L&D 26 11/3/97 475 8.0 30.8 - -1.7 - - 99

4/19/98 475 7.8 29.6 2.6 -7.8 -26.7 - 101
10/1/98 413 3.0 24.0 4.6 -7.8 - -8.8 - -
Illinois River 3/27/97 470 8.2 106 = - -1.7 - -8.4 - 93
at Hardin, IIl. 7/23/97 850 8.0 30.3 - -5.7 - -7.1 - 95
11/3/97 700 8.1 11.2 - -5.5 - 6.9 - 117
4/14/98 576 8.2 145 43 8.1 -24.1 85 - -
10/1/98 665 8.0 23.7 37 -5.3 - -78 - -
Meremac River 3/25/97 190 8.2 12.1 - -6.7 - -12.4 - 97
below Hwy W 7/23/97 350 8.1 29.5 - -5.9 - -10.9 - 91
bridge 11/4/97 280 79 10.1° - -6.1 - -10.6 - 86
4/15/98 225 8.3 17.2 39 7.3 - -11.3 - -
4/16/98 149 8.0 14.8 58 6.1 -26.3 -11.7 111 -
4/16/98 - - - - - -26.1 - - -
4/17/98 175 8.0 14.8 4.7 -7.2 - - - -
. 4/19/98 213 7.9 14.4 35 -74 -26.1 - 107 -

) 10/2/98 315 8.2 21.0 1.2 -6.5 - -11.6 - -
Meremac River 4/16/98 228 8.2 153 1.9 1.3 - - - -
below Hwy 8
Meremac Spring 4/16/98 199 7.6 12.6 19 79 - -13.2 106 106
State Park ‘

Big River 3/25/97 280 81 - 117 - 6.4 - - - -
below Twin Rivers  11/4/97 360 8.1 10.1 - -6.1 - - - -
Bridge 4/15/98 368 86 17.2 2.1 7.2 - -10.0 - -
’ " 4/16/98 219 7.9 14.4 - -6.1 - - - -
4/17/98 306 8.1 15.7 - -7.2 - - - -

. 10/2/98 457 8.2 203 2.2 -5.9 - - - -

Rockwood Spring  11/4/97 750 6.9 12.7 - -8.1 - - - -
at Rockwood 4/15/98 360 7.6 11.0 " 38 -8.7 -25.7 -13.2 110 -

Reservation 10/1/98 748 7.1 13.6 1.8 - - - - -

Other Rivers in Staie of Missouri
Burbouse River 4/16/98 128 8.0 14.0 6.8 6.9 - - - -

Cuiver River - 4/17/98 203 7.8 144 8.4 -6.0 - - - -
Salt River 4/17/98 195 8.0 11:6 7.0 9.2 - - - -
N. Fork Salt River = 4/17/98 181 8.0 13.6 7.8 -6.1 - - - -
Chariton River 4/18/98 309 - 1.3 58 -7.2 - - - -
Grand River 4/18/98 255 8.1 114 58 <13 - - - -
. Missouri River 4/18/98 686 7.9 12.0 38 - -10.7 - 9.6 101 -
" at St. Joseph, MO .
Missouri River 4/18/98 660 8.1 14.0 34 -9.6 - <11 - -
below Hwy. 13

Kansas River 4/18/98 574 8.1 13.2 5.4 7.3 -22.5 - 104 -



Table 3: Sample Locations of California Rivers

Sample Site Latitude
American River
Below Folsom 38°42'18.4"
Dam
South Fork 38°48'11.9"
North and Middle 38°54'58.6"
Forks
North Fork 38°54'58.6"
Middle Fork 38°54'58.6"
South Fork 38°45'45.9"
Sacramenio Natt Ave. Bridge
Cache Creck
Rd. 102 Crossing 38°43'32.3"
Corral Hollow Creek

37°38'5"
Consumnes River
Latrobe Rd 38°31720.6"
Crossing
Hwy 49 Crossing 38°33'14.9"
Feather River
2mi. N of Verona 38°48'52.8"
HWY 99 at
Nicklaus
Los Banoy Creek
Hwy. 140 Crossing
Merced River
Hwy. 140 at Bear Cr. ~ 37°36'15.8"
Confluence '
Hwy 120/Hwy. 140 37°4324.9"
Intersection
Middle River
Hwy. 4 Crossing 37°5321.8"
Mokelurme River
Cty. Rd. JI2 Crossing ~ 38°11°21.3"
N. Lodi :
Hwy. 88 Crossing 38°12°24.7"
Hwy. 49 Crossing 38°18'46.1"
Hwy. .12 Crossing 38°07'38.8"
Mud Slough
Hwy. 140 Crossing

Id River

Hwy. 4 Crossing 37°5324.2"
Putah Creck
0Old Davis Rd 38°3102.7"
Crossing
Sacramento River :
1-80 Crossing 38°36'00"
Knights Landing 38°48108.6"
Rio Vista 38°09'18.6"
Hwy. 160 at 38°19'16.2"
Paintersville
Hwy. 160 at
Isleton

Longitude

121°09'32.6"

120°5324.8"

121°02°20.0"

121°02'20.0"
121°02720.0"

120°1927.2"

{21“43'44. "
121°32'33"
120°57'17.6"
120°50'53.9"

121°38'7.0"

119°57'58.5

119°40'47.0"

121°29'14.7
121°19'14.4"

121°03'59.5"
120°43'12.7"

121°34'42.8"

121°34'4.3"

121°45'25.2"

121°32132.2"
121°43'15.4"

121°41'18.3"

121°34'38.4"

Sources

Sierra NV

Sierra NV

Sierra NV

Sierra NV
Sierra NV
Sierra NV

Sierra NV
C.oast Range
Coast Range

Sierra NV

Sierra NV

Sierra NV

Sierra NV

Mix

Sierra NV

Sierra NV

Delta Mix
Sierra NV

Sierra NV
Sierra NV

Delta Mix
Mix
Delta Mix

Ccast'Rangc

Cascades
Sierra NV

Cascades
Sierra NV

Delta Mix

Cascades
Sierra NV

Cascades
Sierra NV

Upstream
Reservoir
Capacity
(10° acre-ft)
1.80

0.38

0.46

0.02
044
0.03

1.80

0.34

0.00

0.04

0.04

7.20

720

NA

0.00

0.00

NA

0.86

0.86
022

092

NA

NA

1.60

14.90

7.70

15.90

15.90

15.90

Maximum  Multi-
Residence  isotope
Time (yrs) Measured

0.63 yes

035 yes
yes

0.03 no

0.51 no

0.12 no

0.63 yes

0.76 / yes

0.00 yes

0.10 no

0.10 no

120

1.20

0.00 no

0.00 no

1.50

1.50

0.28 no

1.60

4.20

0.99

0.99

0.90

0.90

0.90

Repeat
Sampling

no

yes
yes

yes

yes

yes



Table 3: Sample Locations of California Rivers .

Sample Site

Salt Slough
Hwy. 165 Crossing

San Joaquin River
Hwy. 132 Crossing

1-5 Crossing

_ Powerhouse Rd
6 mi N. Aubury

Below Friant Dam

Hwy. 145 Crossing

Chowchilla Canal Rd.

Nr. Hwy 33
Firebaugh

Hwy. 140 Crossing

Sherman Island
Levee Rd.

Holt Rd./Neuberger
Rd. Intersection
W. Stockton

Stanislaus River
Below New Melones
Dam

Riverbank near
Hwy. 103

Caswell State Park

North Fork
South of Calaveras
Big Trees Park

North Fork
Below Stanislaus
Power House

Tuolumne River
7th St. Crossing
Modesto

Cty. Rd. J59 1/4 mi
N. Hwy. 132

Wards Ferry Rd.
Crossing

South Fork
Hwy. 120 Crossing

Middte Fork
Cherry Lake Rd.

Latitude

37°38'22.5"
37°47.149'

37°08'40.7"

36°58'45"
36°49'23.3"
36°46'55"

36°51722.1"

37°18'33.2"

38°02'48.7"

37°59'40.7"

37°56.944"

37°44.523"

37°41.627

38°16'17.5"

" 38°082.3"

37°37.56%"

37°40.004'

37°52'38.5"

37°49'17.3"

37°49'41.1"

Longitude

121°13'42"
121°18.353"

119°30'05.2"

119°43'49.1"
120°03'15.4"
120°18'42.6"

120°26'48.7"

120°55'41.¢

121°43'02.5"

121°2439.1"

120°31.940'
120°56.301°
120°10.767

120°16'09.0"

120°22'46.8"

120°59.516'
120°28.238'
120°17'35.2"
120°00'42.3"

120°00'8.4"

Sources

Mix

Mix
Delta Mix

Sierra NV

Sierra NV

Sierra NV

Mix’

Delta Mix

Delta Mix

Sierra NV

Sierra NV

Sierra NV

Sierra NV

Sierra NV

SierraNV

Siera NV

Sierra NV

Sierra NV

Sierra NV

Upstream
Reservoir
Capacity

(10° acre-ft)

NA

NA

NA

0.60

1.20

NA

NA

NA

NA

NA

NA

2.50

2.50

2.50

0.20

0.20

2.70

2.60

0.66

0.00

0.00

Maximum
Residence

Multi-  Repeat
isotope Sampling

Time (yrs) Measured

1.30

2.20

2.40
240
2.40

0.23

0.23

1.50

1.50

0.00

0.00

no

no

no

no
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